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MOTIVATION AND OBJECTIVES  

The most prominent representative of the aliphatic polyethers is poly(ethylene glycol) 

(PEG), also known as poly(ethylene oxide) in the case of higher molecular weights.1 It is 

synthesized by the anionic ring opening polymerization (AROP) of ethylene oxide (EO).2 

PEG is highly water soluble compared to the other polyethers, which makes it unique in its 

application.3–5 Furthermore, it is characterized by its low toxicity,6 immunogenicity7 and it 

is chemically inert.8 For these reasons, PEG is used in a wide range of products, from 

cosmetics to food additives to advanced drug delivery systems, and is considered as the 

“gold standard” for biomedical and pharmaceutical applications.1,8–10 The covalent linkage 

of PEG can modify various surfaces, drugs, and biomolecules. This process is called 

“PEGylation” and is used as a strategy in biomedical and pharmaceutical applications to 

improve pharmacokinetic properties.11,12 There are already several “PEGylated” 

pharmaceuticals on the market that have been approved by the American Drug and Food 

Administration (FDA). A common application is the “PEGylation” of lipids.10,12–16 PEG 

lipids are mainly used for the preparation of liposomes with an increased blood circulation 

time.17 By modifying the surface of the liposomes, they are not recognized as foreign by the 

body's immune defense system and can circulate longer in the bloodstream, which is known 

as the “stealth effect”.18  

However, apart from its favorable properties, PEG exhibits only two functional groups and 

possesses no degradability. To overcome the lack of functional groups, a novel approach 

represents the use of hyperbranched polyglycerol structures for the synthesis of amphiphilic 

lipids (hbPG lipids).19,20 Hyperbranched polyglycerol lipids produce a stealth effect similar 

to linear PEG chains, but are characterized by a large number of functional hydroxyl groups 

that can be used as multiple target vectors.21 The synthesis is also carried out by AROP, but 

via slow monomer addition (SMA) of the monomer glycidol. Another way to compensate 

the low number of functional groups in PEG is the copolymerization of EO with functional 

epoxides, resulting in multifunctional PEG (mf-PEG).22 

On the other hand, a more difficult problem is the non-degradability of PEG.23 For the safe 

application of PEG in the body, the molecular weight of 40 000 g/mol cannot be exceeded. 
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This value corresponds to the renal excretion limit. At higher molecular weights, the 

compounds accumulate in the tissue and organs and results in undesirable diseases.23 On 

the other hand, higher molecular weights are preferred because they positively influence 

the pharmacokinetic properties of PEG conjugates and prolongs the blood circulation 

time.24 The contradiction between desired high molecular weights and limited excretion can 

be overcome by the development of cleavable PEGs and is an important part of this work. 

A large variety of cleavable PEGs are already known, but in most cases these are based on 

the polyaddition or polycondensation of commercially available, end-group functionalized 

PEGs. However, these polymers are not suitable for medical applications. The 

manufacturing methods can result in poor control over the molecular weight and broad 

molecular weight distributions.25 The synthesis of PEG via AROP allows precise and 

tailored molecular weights with narrow molecular weight distributions, making it the 

optimal choice for its use in the production of PEGs for pharmaceutical and biomedical 

applications.26 

Furthermore, cleavable PEGs play a crucial role as functional components in the 

development of stimuli-responsive drug delivery systems.27 Particularly sensitive cargos 

such as protein- and peptide-based drugs benefit significantly from delivery by polymeric 

drug delivery systems.28 

In this context, the objectives of this thesis can be divided into the following main topics: 

1) Strategies for the synthesis of pH-responsive polyether lipids 

Chapter 2 focuses on the development and synthesis of cleavable polyether lipids based on 

pH-sensitive vinyl ether structures for biomedical and pharmaceutical applications. 

Polyether lipids are ideally suited as polymer-drug conjugates, offering a wide range of 

applications, for example through targeted incorporation into stealth liposomes.29 The 

incorporation of a pH-sensitive cleavage site enables the PEG chains to be separated from 

the hydrophobic moiety. Vinyl ethers represent an ideal class of pH-sensitive groups due to 

their cleavage in the physiological pH of 5-4.5.30–32 Other widely used cleavable groups are 

acetals or ketals.33,34 
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Polyether lipids based on cholesterol are common and extensively used.35 By the 

functionalization of cholesterol with an allyl group containing moiety, a novel initiator for 

the AROP could be synthesized. AROP with EO allowed the preparation of amphiphilic 

cholesterol-based PEG lipids, which were converted to their pH sensitive vinyl ether 

structure by a subsequent isomerization. To enable functionalization of the end group, the 

polymers were provided with an alkyne group for further azide-alkine cycloaddition 

reactions (Chapter 2.1). 

However, amphiphilic polyether lipids can be prepared not only by cholesterol, but also by 

using a hydrophobic dialkyl anchor.36 In comparison to cholesterol, they are distinguished 

by their high membrane stability, especially in liposomal applications. The functionalization 

of the anchor by using an allyl group resulted in an initiator for the polymerization of EO 

via AROP, which formed pH-sensitive polyether lipids after the isomerization. Subsequent 

tests of the polyether lipids showed their good stability in liposomal formulations 

(Chapter 2.2). 

The hydrophobic dialkyl anchor can not only be converted into a cleavable PEG-lipid by the 

incooperation of a vinyl ether group, but also by the incorporation of acetals or ketals. After 

the development and preparation of the amphiphilic cleavable PEG lipids, they could be 

used for the preparation for liposomes. Labeling by copper-catalyzed azide-alkyne click 

reaction with a fluorescent dye allowed the study of cleavage at different pH values 

(Chapter 5.1). 

2) Development of hyperbranched polyether lipids for targeted drug delivery 

Chapter 3 deals with targeted drug delivery using surface functionalized liposomes. The 

targeted administration of drugs is an important tool in the treatment of deadly diseases, 

such as cancer.37 The focus here is on achieving the best possible effect against the disease 

without undesirable side effects. For targeted transport, nanocarriers such as liposomes are 

of great advantage due to the functionalization of the surface with PEG chains and/or 

ligands.38 Hyperbranched polyether lipids have a variety of functional groups to attach 

different target molecules.39 Drug targeting against prostate cancer by liposomes with 

hyperbranched structures on the surface was investigated. For this purpose, the synthesis 
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of a prostate specific membrane antigen (PSMA) as a ligand was performed. In addition, the 

liposomes were radioactively labeled for PET imaging studies. 

3) Synthesis of stimuli-responsive functional polyethers 

Chapter 4 covers the synthesis for stimuli-responsive glycidyl ethers for the 

copolymerization of EO. Stimuli-responsive polymers can be used for targeted release.40 

Internal stimuli in the body include pH,41 redox processes42 and enzymatic activity.43 

Tertiary amines in polyethers, for example, can be influenced by pH values,44 whereas 

thioethers react to oxidation with a change in their properties.45 Thiazolidines are cyclic 

compounds that contain both an amine function and a thioether. The development of a 

thiazolidine-based glycidyl ether enabled the copolymerization with EO via AROP to 

produce a new class of redox- and pH-responsive PEG polymers. 
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ABSTRACT  

The aim of this work is the synthesis of linear and hyperbranched polyether lipids and 

multifunctional polyether (co)polymers based on poly(ethylene glycol) (PEG) as 

nanocarriers for targeted drug delivery. The linear polymer structures are equipped with 

stimuli-responsive groups to expand the scope of degradable polymer materials for 

biomedical applications. One of the most important polymers for use in pharmaceutical or 

biomedical applications is PEG, which is often used for conjugation to therapeutically active 

molecules ("PEGylation") or in liposomes to modify their pharmacokinetic properties 

(„Stealth Liposomes“). PEG is characterized by its high water solubility, low toxicity and 

low immunogenicity. In contrast to its favorable properties, however, there is a distinct 

disadvantage: PEG is not biodegradable. To counteract this drawback, various stimuli-

responsive PEGs have been developed in this work. Hyperbranched polymer lipids were 

synthesized to produce multifunctional liposomes. Therefore, the present dissertation is 

motivated both by the fundamental issues of synthesis and by the potential applicability of 

the polymer compounds in biological applications. 

 

Scheme 1: Synopsis of the main topics of this thesis. 
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Chapter 1 provides an introduction to this thesis. Chapter 1.1 gives an overview of the class 

of aliphatic polyethers. The most important representative for this work, poly(ethylene 

glycol) (PEG), is highlighted with an emphasis on its preparation, properties and 

applications. Chapter 1.2 discusses anionic ring-opening polymerization (AROP) as a 

preparation method for the synthesis of PEG. The degradability of polyethers is discussed 

in Chapter 1.3, as well as the functional groups that can be incorporated into the polymer to 

enable cleavage. In Chapter 1.4, nanocarriers for targeted drug delivery are presented, as 

well as the transport mechanisms through active and passive targeting. Furthermore, the 

release strategies via external and internal stimuli are explained. 

Chapter 2 deals with the preparation of pH-responsive polyether lipids. The introduction of 

the pH-sensitive cleavage site is in the form of a vinyl ether unit between the hydrophilic 

and the hydrophobic part of the lipid. In Chapter 2.1, the synthesis of a pH-cleavable 

polyether lipid based on cholesterol is shown. For the preparation, the synthesis of a pH-

stable initiator developed first, which then reacts with ethylene oxide (EO) in an AROP to 

give the amphiphilic PEG lipid. The subsequent conversion of the pH-stable allyl group of 

the PEG lipid into the pH-sensitive vinyl ether group was achieved by isomerization to give 

the cleavable PEG lipid. A subsequent post-modification of the pH-responsive polyether 

lipid with an alkyne end group enables further conjugations of active ingredients, dyes and 

other compounds by azide-alkyne cycloaddition. 

Based on the same synthesis strategy, dialkyl PEG lipids for the use in pH-sensitive 

liposomes were prepared in Chapter 2.2. Based on a long-chain dialkyl anchor, an initiator 

for AROP was developed. Polymerization of EO was followed by reaction of the pH-stable 

polymer lipids to pH-labile lipids by isomerization. After modification of the PEG lipids 

with an alkyne group, they were incorporated into liposomes by dual centrifugation. The 

size of the liposomes was determined, as well as their stability. Toxicity was excluded by 

MTT assay. 

In Chapter 3, hyperbranched polyether lipids were prepared for liposome applications. 

Alkyne-functionalized hyperbranched polyglycerols (hbPG) were synthesized with a dialkyl 

anchor and functionalized by Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC) with a 

prostate-specific membrane antigen (PSMA) inhibitor and radiolabeling with 18Fluorine. 
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The functionalized hyperbranched lipids were then used to prepare liposomes as a 

promising system for future targeted drug delivery for the treatment of prostate cancer. 

Chapter 4 describes the development of a new glycidyl ether based on thiazolidine. The 

development of the monomer as well as the copolymerization with ethylene oxide and the 

homopolymerization are explained. The microstructure of the polymers was investigated by 

in-situ 1H NMR kinetics studies. Furthermore, the responsive behavior of the copolymers 

was tested and investigated by oxidation with hydrogen peroxide. For a possible application 

in medical systems, the polymers were analyzed in toxicity studies by cell testing. 

The appendix in Chapter 5 contains contributions from the author of this thesis with other 

collaborators. In Chapter 5.1, a novel strategy for asymmetric ketals in polymers was 

developed to access pH-responsive PEG lipids. The hydrolysis rates of the ketal lipids were 

investigated at acidic pH using 1H NMR kinetics studies. Furthermore, an investigation of 

the lipids in liposomal formulations was carried out using time-resolved fluorescence 

spectroscopy and gel electrophoresis assays. The cleavage of PEG chains from the liposome 

surface occurred at slightly acidic pH values (pH = 6.5-5.5), demonstrating the great 

potential of ketal PEG lipids for drug delivery strategies. In Chapter 5.2, the influence of the 

long-chain dialkyl-PEG lipids on the stability of the liposomal membrane was investigated. 

For this purpose, different formulations with different PEG lipids were used to prepare 

liposomes and labeled with a fluorescent dye. Subsequently, lipid exchange was analyzed 

by flow cytometry. 
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ZUSAMMENFASSUNG  

Ziel dieser Arbeit ist die Synthese linearer und hyperverzweigter Polyether-Lipide und 

multifunktioneller Polyether-(Co)polymere auf Basis von Poly(ethylenglykol) (PEG), die zur 

Herstellung von Nanocarrier zum zielgerichteten Wirkstofftransport genutzt werden sollen. 

Die linearen Polymerstrukturen sind mit stimuli-responsiven Gruppen ausgestattet, um den 

Einsatzbereich von abbaubaren Polymermaterialien für biomedizinische Anwendungen zu 

erweitern. Eines der wichtigsten Polymere für den Einsatz im pharmazeutischen oder 

biomedizinischen Bereich stellt dabei PEG dar, das häufig zur Konjugation an therapeutisch 

aktive Moleküle angebunden wird („PEGylierung“) oder in Liposomen zur Änderung der 

pharmakokinetischen Eigenschaften eingesetzt wird („Stealth Liposomen“). PEG zeichnet 

sich dabei durch seine gute Wasserlöslichkeit, geringen Toxizität und geringer 

Immunogenität aus. Neben den guten Eigenschaften gibt es aber einen deutlichen Nachteil: 

PEG ist nicht bioabbaubar. Um diesem Nachteil entgegenzuwirken wurden in dieser Arbeit 

verschiedene stimuli-responsive PEGs entwickelt. Zur Herstellung von multifunktionellen 

Liposomen wurden hyperverzweigte Polymer-Lipide synthetisiert. Die vorliegende 

Dissertation ist daher sowohl von den grundsätzlichen Fragestellungen zur Synthese als 

auch durch die mögliche Anwendbarkeit der Polymerverbindungen in biologischen 

Anwendungen motiviert, wie in Schema 1 gezeigt. 

 

Schema 1: Zusammenfassung der Hauptthemen dieser Arbeit.  
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Kapitel 1.1 gibt einen Überblick über die Klasse der aliphatischen Polyether. Der für diese 

Arbeit wichtigste Vertreter Poly(ethylenglykol) (PEG) wird diskutiert, mit Schwerpunkten 

auf der Herstellung, den Eigenschaften und den Anwendungen. Kapitel 1.2 behandelt die 

anionische ringöffnende Polymerisation (AROP) als eine Herstellungsmethode für die 

Synthese von PEG. Die Abbaubarkeit der Polyether wird im Kapitel 1.3 behandelt, sowie die 

funktionellen Gruppen, die für eine Spaltung in das Polymer eingebaut werden können. In 

Kapitel 1.4 werden Nanocarrier für den zielgerichteten Wirkstofftransport vorgestellt sowie 

die Transportmechanismen durch aktiven und passiven Transport. Weiterhin werden die 

Freisetzungsstrategien über externe und interne Stimuli erläutert. 

Kapitel 2 behandelt die Herstellung von pH-responsiven Polyether-Lipide. Die Einführung 

der pH-sensitiven Spaltstelle erfolgt in Form einer Vinylether-Einheit zwischen dem 

hydrophilen und dem hydrophoben Teil des Lipids. In Kapitel 2.1 wird die Synthese eines 

pH-spaltbaren Polyether-Lipids auf Basis von Cholesterin gezeigt. Für die Herstellung 

erfolgt zuerst die Synthese eines pH-stabilen Initiators, der anschließend in einer AROP mit 

Ethylenoxid (EO) zum amphiphilen PEG-Lipid reagiert. Die anschließende Überführung der 

pH-stabilen Allyl-Gruppe des PEG-Lipids in die pH-sensitive Vinylether-Gruppe erfolgt 

mittels Isomerisierung. Eine anschließende Post-Modifizierung des pH-responsiven 

Polyether-Lipids mit einer Alkin-Endgruppe ermöglicht weitere Konjugationen von 

Wirkstoffen, Farbstoffen und anderen Verbindungen durch Azid-Alkin-Cycloaddition. 

Basierend auf der gleichen Synthesestrategie wurden im Kapitel 2.2 Dialkyl-PEG-Lipide für 

den Einsatz in pH-sensitiven Liposomen hergestellt. Auf Basis eines langkettigen Dialkyl-

Ankers wurde ein Initiator für die AROP entwickelt. Nach der Polymerisation mit EO 

erfolgte wieder die Umwandlung der pH-stabilen Polymer-Lipide in pH-labile Lipide durch 

Isomerisierung. Nach der Modifikation der PEG-Lipide mit einer Alkingruppe wurden diese 

mittels Dualer Zentrifugation in Liposomen eingebaut. Die Größe der Liposomen wurde 

bestimmt, sowie ihre Stabilität. Mittels MTT Assay wurde eine Toxizität ausgeschlossen. 

In Kapitel 3 wurden hyperverzweigte Polyether-Lipide für die Anwendung in Liposomen 

hergestellt. Alkin-funktionalisierte, hyperverzweigte Polyglycerine (hbPG) wurden mit 

einem langkettigen Dialkyl-Anker synthetisiert und mittels Cu(I)-katalysierter Alkin-Azid-

Cycloaddition (CuAAC) mit einem Prostata-spezifischen Membran Antigen (PSMA) 
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Inhibitor und einer Radiomarkierung mit 18Fluor funktionalisiert. Die funktionalisierten, 

hyperverzweigten Lipide wurden dann zur Herstellung von Liposomen genutzt als 

vielversprechendes System für die künftige gezielte Verabreichung von Medikamenten zur 

Behandlung von Prostatakrebs.  

Kapitel 4 beschreibt die Entwicklung eines neuen Glycidylether Monomers, basierend auf 

Thiazolidin. Die Entwicklung des Monomers sowie die Copolymerisation mit Ethylenoxid 

und die Homopolymerisation werden erläutert. Die Mikrostruktur der Polymere wurde 

mittels in situ 1H NMR Kinetik Studien untersucht. Weiterhin wurde das responsive 

Verhalten der Copolymere durch Oxidation mit Wasserstoffperoxid getestet und 

untersucht. Für eine mögliche Anwendung in medizinischen Systemen wurden die 

Polymere in Toxizitätsstudien durch Zelltests analysiert.  

Der Anhang in Kapitel 5 enthält weitere Beiträge des Autors dieser Arbeit zusammen mit 

anderen Kooperationspartnern. In Kapitel 5.1 wurde eine neuartige Strategie für 

asymmetrische Ketale in Polymeren entwickelt, die den Zugang zu pH-responsiven PEG-

Lipiden ermöglicht. Die Hydrolysegeschwindigkeit der Ketal-Lipide bei saurem pH-Wert 

wurde mittels 1H NMR Kinetik Studien untersucht. Weiterhin erfolgte eine Untersuchung 

der Lipide in liposomalen Formulierungen mittels zeitaufgelöster Fluoreszenzspektroskopie 

und Gelelektrophorese-Assays. Die Abspaltung der PEG-Ketten von der 

Liposomenoberfläche erfolgte bei leicht sauren pH-Werten (pH = 6.5-5.5) und zeigt das 

große Potential der Ketal-PEG-Lipide für „Drug Delivery“ Strategien. In Kapitel 5.2 wurde 

der Einfluss der langkettigen Dialkyl-PEG-Lipide auf die Stabilität der liposomalen 

Membran untersucht. Dafür wurden verschiedene Formulierungen mit unterschiedlichen 

PEG-Lipiden für die Herstellung von Liposomen verwendet und mit einem 

Fluoreszenzfarbstoff markiert. Anschließend wurde der Lipid-Austausch durch 

Durchflusszytometrie analysiert. 
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This chapter will give a brief overview of polyethers, with a focus on the most prominent 

representatives in biomedical applications: poly(ethylene glycol) (PEG). The first section 

will highlight the structure and properties of aliphatic polyethers with a focus on PEG. 

Subsequently, polymerization techniques will be presented. In the second chapter, 

nanocarriers for drug delivery will be discussed. First, the different types of nanocarriers 

will be described and advantages and disadvantages of the systems will be highlighted. 

Subsequently, drug targeting will be considered in more detail. The last section deals with 

stimuli-sensitive nanocarriers for targeted drug delivery. 

1.1 Aliphatic Polyethers 

Polyethers represent an important class of polymers and exhibit unique properties. They 

play a crucial role in both academia and industry and they are used in various products.1 

Especially aliphatic polyethers are of interest, due to their high chain flexibility and low 

glass transition temperature.2 Aliphatic polyethers exhibit in each repeating unit an ether 

unit with the general formula (R-O-R’)n, where R and R’ represents an alkyl group and n 

the degree of polymerization. The C-O bond length is 143 pm and the ether bond possesses 

an angle of 112°.3 The most prominent and commercially relevant representatives of 

polyethers are shown in Scheme 1. 

 

Scheme 1: Overview of the most relevant aliphatic polyether structures: 

poly(oxymethylene) (POM), poly(ethylene glycol) (PEG), poly(propylene oxide) (PPO) and 

poly(tetrahydrofuran) (PTHF). 

Aliphatic polyethers can be classified by the number of carbon atoms of their repeating unit. 

Poly(oxymethylene) (POM) has the simplest structure with only one CH2 group next to the 

oxygen atom in the polymer backbone. By increasing the number of CH2 groups, 

poly(ethylene glycol) (PEG) and the structurally related poly(propylene oxide) are obtained. 

Compared to PEG, PPO has an additional methyl group attached to the backbone as a side 
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chain. Continuing the series, poly(tetrahydrofuran) (PTHF) follows as a further 

representative. 

POM would at first glance be classified as a polyether, but it is strictly speaking a 

poly(acetal). Auerbach and Barschall first described the synthesis of POM,4 and later POM 

was studied by Staudinger and others.5–7 POM is highly crystalline and has a melting 

temperature of Tm = 180 °C. In the 1960s it was commercialized by DuPont under the 

product name Delrin®. Nowadays, it is used as a durable engineering plastic in gear wheels 

or Playmobil® toys, for example.8,9 

PPO was first described by Levene and Walti, who synthesized it from the monomer 

propylene oxide (PO) in the presence of KOH.10 Later, it was investigated by Pierre and 

Price.11 Despite the similar structure as PEG, PPO is not water-soluble at room temperature 

and non-crystalline, due to the additional methyl group in the backbone and its atactic 

arrangement.12,13 PPO-based structures are of immense interest in many different fields, 

such as lubricants,14 anti-foaming agents13 or non-ionic surfactants.15,16 The synthesis of 

PPO is usually carried out via classical anionic ring-opening polymerization (AROP).17 

However, high molecular weight PPO (exceeding 10 000 g/mol) cannot be prepared by this 

technique due to proton abstraction at the -carbon, which leads to chain termination or 

transfer reactions.18 Carlotti and Deffieux et al. synthesized high molecular weight PPO (up 

to 170 000 g/mol) using the monomer-activated anionic ring-opening polymerization 

(MAROP).19,20  

PTHF was developed in the 1930s by Meerwein et al.21 and is mainly used as a polyether 

component in the production of foams and fibers.22,23  

In the context of this thesis, PEG is the most important polyether-based polymer. For this 

reason, the properties, applications and synthesis will be discussed in detail in the next 

sections.  

1.1.1 Poly(ethylene glycol) (PEG) 

In the class of aliphatic polyethers poly(ethylene glycol) (PEG) is by far the most important 

representative.18 The synthesis is usually carried out via anionic polymerization of ethylene 

oxide (EO) and was first described by Staudinger and Schweitzer in 1929.24 PEG with a 



1 INTRODUCTION 

41 
 

molecular weight below 20 000 g/mol is called polyethylene glycol (PEG), while polymers 

with a higher molecular weight are usually referred to as polyethylene oxide (PEO).25 In 

medicine, the abbreviation PEG is most common and exclusively used.26  

The state of aggregation or melting point of PEG is strongly dependent on the degree of 

polymerization and therefore on the molecular weight. Polymers in the range of 200-

600 g/mol appear as colorless oil, from 1000-6000 g/mol as a waxy solid, and at higher 

molecular weights as semi-crystalline solids. The melting point for high molecular weight 

PEG is in the range of 66 °C, and the glass transition temperature (Tg) is approximately -

53 °C.1,18  

Compared to all other aliphatic polyethers, PEG is characterized by its outstanding water 

solubility.1,18 The high hydrophilicity can be explained by the structure of the polymer 

backbone. The distances of the oxygen atoms in the backbone are similar to the distances 

between the hydrogen atoms of water molecules in the liquid state. This allows the building 

of a network of hydrogen bonds between water and the PEG backbone, leading to its 

exceptional hydration and water-solubility.27,28 Unlike most other substances, the aqueous 

solubility of PEG and its copolymers cannot be increased by heating. Polymers with this 

property belong to the group of thermoresponsive polymers.29 The hydrate shell around the 

hydrophilic surface of the polymer can only form below the cloud point temperature, 

because of the relatively stretched polymer chains. Above the cloud point, the hydration 

shell disintegrates and the entropy of the system is increased due to free water molecules. 

As a result, the polymer becomes insoluble in water and precipitates.30 Thermoresponsive 

polymers with this behavior have a lower critical solution temperature (LCST). The LCST 

of PEG in water is approx. 98 °C.31 The LCST behavior can be lowered by copolymerization 

with other, less polar epoxides, and the cloud point can be adjusted to a physiologically 

interesting range.32,33  

PEG is of great importance in many biomedical and pharmaceutical applications due to its 

low toxicity,34 antigenicity35 and immunogenicity.36 It is chemically inert37 and therefore 

considered as the “gold standard” in this field.18 The pharmacokinetic properties of 

biomolecules such as drugs, proteins and peptides can be optimized by the covalent 

attachment of PEG chains, which is known as “PEGylation”.38–41 The “PEGylation” process 



1 INTRODUCTION 

42 
 

increases the aqueous solubility of drugs, and shielding by the PEG chains can be achieved 

(stealth effect). The recognition of the drug by cells of the immune system is thereby reduced 

or prevented, resulting in a significant prolongation of the blood circulation time in the 

body.42,43 A prerequisite for the medical application of PEG is a narrow molecular weight 

distribution of the polymers and molecular weights below 40 000 g/mol. Polymers with 

higher molecular weights can no longer be excreted by renal filtration through the kidney, 

which can lead to accumulation in organs such as the liver.43 Numerous “PEGylated” 

pharmaceuticals and formulations are approved by the American Food and Drug 

Administration (FDA).44–48 

In addition to its wide range of applications in medicine and pharmaceuticals, PEG is used 

in a wide variety of areas, such as the food industry, in cosmetics, as formulations in creams 

or lotions, in engineering, as lubricant and mold release agent, and for the preparation and 

restoration of excavation finds or old wooden objects.1,18,37 In industry, PEG is used in non-

ionic surfactants. For this purpose, the PEG chains are end-functionalized as a hydrophilic 

block with hydrophobic moieties, such as fatty acid esters or alkyl chains.49 An important 

class of non-ionic surfactants are ABA triblock-copolymers based on PEG and PPO, which 

are used among other things as suspension and emulsion stabilizers. The properties of the 

compounds can be specifically influenced and adjusted by varying the different block 

lengths. Compounds of this type are known as “poloxamers” and are marketed under the 

trade name Pluronics®.15,16 

In addition to the many useful properties, for some applications PEG has a distinct 

disadvantage: it exhibits only a low number of functional groups. This problem can be 

overcome by copolymerization of EO with functional epoxides, resulting in multifunctional 

PEG (mf-PEG).50 The synthesis of mf-PEG is typically achieved via classical anionic ring-

opening polymerization (AROP).51 An alternative synthesis procedure is the 

copolymerization via monomer-activated anionic ring-opening polymerization (MAROP), 

especially for comonomers with functional groups that are not stable under AROP 

conditions.52–54 
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1.2 Anionic Ring-Opening Polymerization (AROP)  

PEG and PPO can be prepared by various methods. One of the most common polymerization 

technique is the ring-opening polymerization of epoxides, for instance the classical anionic 

ring-opening polymerization (AROP) and the monomer-activated anionic ring-opening 

polymerization (MAROP). In the next section, AROP will be described in more detail, 

because it is the main polymerization method empoyed in this work. 

The AROP for the synthesis of PEG was first reported in the 19th century by Lourenço and 

Wurtz.55–58 The preparation of high molecular weight PEGs by polymerization in the 

presence of hydroxides was later carried out by Staudinger and Schweitzer.24,59 AROP is a 

polymerization technique with a “living character”. Characteristics of a living anionic 

polymerization are the lack of termination and chain transfer reactions, resulting in narrow 

distributions with low dispersity. Furthermore, AROP is characterized by an outstanding 

control of the molecular weight via the monomer-to-initiator ratio. The concept of living 

anionic polymerization of EO was introduced by Flory in 1940ies.60 These properties result 

in a Poisson distribution of the degree of polymerization (Pn) of an individual polymer 

chain.61  

Ð =  
𝑀𝑤

𝑀𝑛
≈ 1 +

1

𝑃𝑛
 

Hence, the dispersity (Ð) only depends on the weight (Mw) and number (Mn) average 

molecular weight and is directly connected to the degree of polymerization (Pn). In the 

following Scheme 2 the mechanism of the AROP for a functional epoxide monomer in the 

presence of an alkoxide is shown. 

 

Scheme 2: Reaction mechanism of the AROP of a functional epoxide monomer. 

(1) 
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Strongly basic compounds, such as metal hydrides, alkoxides, metal alkyls or aryls, can 

induce the initiation.61 The base reacts in a nucleophilic reaction with the carbon atom of 

the epoxide ring. This results in ringopening and the formation of a new alkoxide species, 

which can react with another monomer. The reaction thus proceeds as a bimolecular, 

nucleophilic substitution. This reaction is driven by the ring strain of the epoxide ring, 

which is 115.4 kJ/mol for ethylene oxide.62 The chain propagation can be terminated by 

addition of protic solvents such as methanol. Alternatively, targeted end functionalization 

can be achieved by adding a suitable electrophile, or the sequential addition of further 

epoxide monomers can enable the synthesis of block copolymers. Scheme 3 shows some 

prominent examples for the termination of the alkoxide end groups with suitable 

electrophiles to provide access to functional PEGs. Examples of functional groups that have 

been attached to PEG by conversion of the reactive end group are mesylates,63 vinyl benzyl 

ethers,64 hemisuccinates,65 methacrylates,66,67 and propargyl ethers.68 

 

Scheme 3: Termination of the alkoxide end groups with suitable electrophiles provides 

access to functional PEGs. 

The compilation shown above shows only a few examples of the preparation of functional 

PEGs by termination. A wide range of chemical modifications can be derived from the 

terminal groups. Mesylates can be conveniently converted to halides, azides and thiols via 

nucleophilic substitution reactions.63,68 Alkynes and succinates are often used to conjugate 

other functional molecules, such as polymeric substrates,69,70 peptides, and proteins.71,72 

Methacrylates and vinyl benzyl ethers, on the other hand, can be polymerized into PEG-
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based hydrogels or nanogels by radical or UV-initiated polymerization. The broad spectrum 

of end-functionalized PEGs has been reviewed by Riffle and co-workers.73 

The reaction conditions like the choice of solvent and counterion are crucial for the 

propagation rate of the AROP, due to their significant impact on the reactivity of the active 

chain end. The solvation of the counterion, such as alkali metal ions, rises with increasing 

polarity of the solvent.52 As a result, the reactive chain end becomes less coordinated, 

leading to an increase in the propagation rate.74 A further increase in the reactivity of the 

chain end can be achieved by the addition of suitable crown ethers or cryptands, which 

show complex formation with the counterions. A common example is the addition of 18-

crown-6 to complex the potassium counterion.52,75,76 In the following Scheme 4, the 

influence of the solvent on the active chain end is shown schematically. 

 

Scheme 4: Possible structures of metal alkoxide chain ends in solution. 

The influence of the metal alkoxide on the reactivity of the chain end can be explained by 

the HSAB (hard and soft acids and bases) concept according to Pearson.77 The reactive 

species in the polymerization of EO is an oxygen anion, which represents a hard base 

according to the HSAB concept. The charge-to-radius ratio of the alkali metal ion plays a 

crucial role. The larger the ratio, the more unreactive is the active chain end. For this reason, 

hard alkali metal counterions, such as lithium, form unreactive chain ends (lithium 

alkoxides) due to the rather covalent bond characteristics.18 Therefore, they are unsuitable 

as initiators for AROP. The propagation rate of alkali metal alkoxide initiated 

polymerizations of epoxides corresponds according to this principle with the size of the 

counter ion as follows: Na+ < K+ < Cs+.78 

The combination of alkali metal alkoxide and the appropriate alcohol is often chosen as 

initiator system for the AROP. Partial deprotonation of the alcohol increases the solubility 
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of the initiator, and aggregation can thus be prevented. During the reaction, in addition to 

the active chain end (alkoxide), a dormant alcohol species is present, which undergoes a 

chain transfer reaction by a rapid exchange of protons. For this reason, AROP cannot be 

considered a living polymerization by definition in this case.79 The reversible proton 

exchange, however, takes place considerably faster than the monomer addition. Therefore, 

similar to the living anionic polymerization, excellent control of the molecular weight and 

molecular weight distribution (Ð) can be achieved.80 In this context, the terms “degenerative 

proton transfer” as well as active and dormant species are used.52 Because of these 

characteristics, AROP is often referred to as “living-like”. Furthermore, it bears mechanistic 

similarity to controlled radical polymerization techniques, which are also based on dormant 

species and degenerative transfer.79 

However, AROP also has some limitations. Many functional polymers cannot be prepared 

under the harsh and strongly basic conditions of the AROP. Functional groups such as 

carbonyl groups, cyanides and halides cannot be introduced due the protic character of the 

side chains and possible interactions with the base or active chain end.52,81,82 Even epoxide 

monomers, such as PO or glycidyl ethers, with a slightly acidic proton, lead to side reactions 

like chain termination and transfer reactions due to proton abstraction.83–85 Hence, for these 

monomers high molecular weight polyethers are not accessible via AROP. These 

disadvantages can be overcome by polymerization via monomer-activated anionic ring-

opening polymerization (MAROP). In this polymerization technique, the ring-opening 

polymerization is supported by an initiator/catalyst system, which consists of a weak base 

and a Lewis acid.86 

1.3 Cleavable Polyethers 

Many polymers were originally designed with the aim of achieving good mechanical and 

thermal properties and the highest possible resistance to environmental influences.87 These 

properties also apply to polyethers, which are stable under harsh conditions and are 

chemically inert.37 However, in long-term in vivo experiments, degradation under the 

influence of oxidative stress by reactive oxygen species (ROS) was observed.88 Aromatic 

polyethers exhibit a higher stability against oxidation compared to aliphatic polyethers.89 
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This can be explained by the low water solubility of aromatic polyether systems. 

Furthermore, the degradation by electrochemical degradation,90 UV light,91 

ultrasonication92 and temperature91 is described in literature. The degradation rate is 

strongly dependent on whether the experiment was performed in bulk or in aqueous 

solutions. A major influencing factor is the pH value in aqueous solutions.93 

Cleavable polyethers play a significant role for specific biomedical applications, such as 

reversible PEGylation.18,94 As described above, PEG is considered as the “gold standard” for 

use in pharmaceutical and medical applications, for instance in the form of polymer-drug 

conjugates to prolong blood circulation time.18,38–41 Nevertheless, PEG is not biodegradable 

and can only be used in the body up to a molecular weight of 40 000 g/mol. The molecular 

weight is limited by the renal excretion of the kidney. At larger molecular weights, 

accumulation of PEG takes place in human tissues, predominantly in the liver, eventually 

leading to inflammation and liver damage or cancer.95 However, the increase in blood 

circulation time is directly related to the increase in molecular weight. In order to utilize the 

favorable properties of PEG as effective as possible without obtaining undesirable side 

reactions, the design of cleavable PEG derivatives is of great interest.96 A variety of different 

stimuli can be used to trigger cleavage of the PEG backbone or detachment of PEG from the 

drug conjugate. Examples of these stimuli are the pH value, redox reactions, enzymatic 

reactions or light. Dingels et al. published a comprehensive review article on the strategies 

for incorporating cleavable components into PEG chains and PEG conjugates, which was 

used as a guide for the following Scheme 5.97 

Cleavable polyether-based lipids have gained increasing attraction. They are ideally suited 

for the development of surface-modified liposomes (stealth liposomes) for targeted drug 

delivery.98 The stimuli-cleavable linker in the lipid structure enables shedding of the 

liposomes in cellular compartments, such as the lysosome, or tissues. This process increases 

the efficiency of liposomal formulations. 
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Scheme 5: Cleavable components with the respective stimuli for the application in cleavable 

polyethers. 

Numerous reports on acid-labile PEG-lipids based on cholesterol with cleavable compounds, 

such as aconitic acid, hydrazones, ketals, acetals or vinyl ethers have already been 

established.99–102 Chapter 2.1 and 2.2 discuss the syntheses of a novel class of pH-responsive 

polyether-lipids based on vinyl ethers as cleavage site. For this reason, the next section will 

describe vinyl ethers in PEG in general. 

1.3.1 pH-Responsive Vinyl Ethers in PEG 

In the 1960s, vinyl ethers and their precursors, the allyl ethers, were used specifically in 

carbohydrate chemistry as protecting groups for hydroxyl groups.103 The simple formation 

and cleavage under mild conditions are tolerated by many other protective groups. These 

properties made allyl ether a common choice for orthogonal synthesis strategies.104 The 

transformation of allyl ether into vinyl ether and the cleavage under acidic conditions is 

shown in Scheme 6. 
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Scheme 6: Transformation of the allyl ether group to a vinyl ether and ensuing cleavage. 

The stable allyl ether group can be converted to the labile vinyl ether by isomerization. The 

cleavage can be performed in different ways, in which the most common methods are acidic 

hydrolysis or oxidation.103 A central step in this process is the isomerization, which can be 

carried out by a broad variety of different methods. The isomerization is often base-

catalyzed with potassium tert-butoxide (KOtBu) in DMSO under heat or using Wilkinson’s 

catalyst (RhCl(PPh3)3). In addition to the two systems described, other catalytic systems 

have been investigated and applied as well.105–108 In addition to the protection of hydroxyl 

groups, thiols and amines can also be protected by the use of allyl ethers. This is applied, 

among other fields, in polymer research with the protected amine monomer N,N-

diallylglycidylamine (DAGA), which enables access to amine-functionalized PEGs.108–110  

Thompson et al. described the use of vinyl ethers as acid-cleavable linkers for lipids in 

various reports already in 1998.111–113 Also cleavable PEG-lipids were synthesized and used, 

for example, for the preparation of liposomes as drug delivery systems. Scheme 7 shows the 

acid-catalyzed vinyl ether hydrolysis reaction of a polyether lipid as an example, 

synthesized by Thompson and co-workers.114 

 

Scheme 7: Acid-catalyzed vinyl ether hydrolysis reactions of a polyether lipid. 



1 INTRODUCTION 

50 
 

Worm et al. developed a synthetic strategy for the preparation of cleavable PEGs by 

incorporating several pH-sensitive vinyl ether moieties into the polyether backbone.115 

Copolymerization of EO and the epoxide monomer 3,4-epoxy-1-butene (EPB) via AROP 

provides access to a PEG backbone with allyl units that can be isomerized to pH-cleavable 

propenyl units (isoEPB). The synthesis procedure is shown in Scheme 8. 

 

Scheme 8: Synthesis procedure for P(EG-co-isoMBE) copolymers. 

Well-defined, degradable PEGs could be prepared with this technique with molecular 

weights up to Mn = 10 000 g/mol. In addition, the degradation kinetics were determined via 

online 1H NMR spectroscopy. For the measurements, at pD 5 half-life values in the range 

of t1/2 = 20-34 h were obtained, and at pD 4.4 from t1/2 = 9-20 h. These values are in the range 

of the degradation kinetics of ketals and acetals and correspond to the slightly acidic pH in 

inflammatory or tumor tissue.116–118 Compared to pH-sensitive ketal structures, vinyl ethers 

are excellent stable for the storage at neutral pH. In a report of Shin et al., the pH sensitivity 

is further fine-tuned by different substitution patterns at the vinyl ether.119 
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1.4  Nanocarriers for Drug Delivery 

In recent years, nanotechnology has gained increasing interest and is applied in various 

fields such as medicine, cosmetics, environmental and neutraceutical research areas.1 There 

are various forms of nanostructures such as nanocomposites, nanotubes, nanofibers and 

nanoparticles, which effectively serve for the diagnosis and treatment of various diseases. 

If these nanostructures are used as carrier molecules, they are called nanocarriers.2–4 For 

example, they can be used as transport agents for vaccines, drugs, genes, proteins and 

enzymes.5–8 In general, nanocarriers are defined as objects having at least one dimension in 

the 1–100 nanometer scale, although some sources include dimensions less than 500 nm as 

nano-sized.9  

The process of transporting therapeutic agents into the body with appropriate 

pharmacokinetics is called drug delivery.10 The administration of drugs into the body is 

generally mediated through the gastrointestinal tract or other routes. The conventional 

mode for drug administration is mediated by the enteral or parenteral pathway. For the drug 

delivery, the enteral route of the drug occurs through oral, rectal or sublingual 

administration, involving gastrointestinal tract, while the parenteral route of the drug is 

through intravenous, intramuscular or subcutaneous administration. This involves routes 

other than the gastrointestinal tract.11,12 The strongly preferred route is via the enteral route 

of distribution due to its noninvasive nature. A distinct disadvantage, however, is that the 

bioavailability of the drug decreases. This is due to incomplete drug absorption and the fact 

that the drug undergoes first-pass metabolism.13,14 

There are many treatment approaches to deal with deadly diseases such as cancer. Common 

treatment methods include removal of the tumor via surgery, radiation or chemotherapy. 

However, the last two methods in particular are associated with severe side effects, because 

diseased cells cannot be differentiated from healthy cells, resulting in damage to both. For 

this reason, it is of great importance that the drug is transported to the target tissue in an 

organized structure to suppress undesirable side effects.15 Nanocarriers are used selectively 

to achieve a sustained release of the drug. They change the pharmacokinetics of transport 

and distribution. For example, a longer circulation time in the blood can be achieved or a 



1 INTRODUCTION 

63 
 

targeted distribution.16,17 In addition, nanocarriers can prevent the degradation of active 

drugs. This allows higher and more efficient concentrations in target tissues, while 

potentially reducing undesirable toxic side effects.18,19 Furthermore, nanocarriers can be 

linked to specific ligands that mediate transport to selected tissues.20 However, cancer cells 

have special defense mechanisms that make them difficult to control. They can overexpress, 

have self-repairing capacities or can downregulate the metabolism of the drug.21,22 

Nevertheless, the best possible therapy is achieved by the use of specialized nanocarriers to 

overcome the defense mechanisms. 

In the following sections, the different forms of nanocarriers are described, with a focus on 

polymeric and lipid-based carriers. In addition, the different transport mechanisms will be 

highlighted. 

1.4.1 Types of Nanocarriers 

In general, nanocarriers can be divided into three predominant types: the organic 

nanocarriers, the inorganic nanocarriers, and the hybrid nanocarriers.  

Organic nanocarriers include solid lipid nanocarriers, micelles, polymeric or lipid-based 

carriers such as liposomes, dendrimers and viral nanocarriers. 23,24 Organic nanocarriers 

can be highly customized and versatile, and inherently have lower toxicity. Furthermore, a 

variety of drugs as well as ligands can be conjugated for drug delivery. Studies showed that 

especially drugs transported by micelles or liposomes have the properties to accumulate in 

tissues.25 The reason for this is the enhanced permeability and retention effect (EPR 

effect).26 

Inorganic nanocarriers include gold, magnetic nanocarriers, quantum dots, nanotubes and 

mesoporous silica.27 One advantage of inorganic nanocarriers is their tractable properties. 

Their preferred application is in biosensing, cell labeling, targeting, imaging and 

diagnostics.28 However, the use of heavy metals as inorganic nanocarriers can lead to health 

problems in the longer term.29 

Hybrid nanocarriers, as the name implies, combine two or more organic and inorganic 

nanomaterials together or individually in one carrier. They can combine organic-inorganic, 

inorganic-inorganic or multi components in one carrier. Two examples of hybrid 
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nanocarriers are lipid-polymer hybrids and ceramic polymer hybrids. They use the 

advantages of both systems. 

1.4.1.1 Polymeric and lipid-based Nanocarriers 

In this section, the polymeric and lipid-based nanocarriers will be described in further detail. 

The schematic structures of common representatives is shown in Figure 1 below. The exact 

structure will be explained in detail in the following sections. 

 

Figure 1: Schematic structures of polymeric and lipid-based nanocarriers. 

Dendrimers 

Dendrimers are nano-sized compounds consisting of a central core (initiator core) from 

which tree-like arms or branches form. Their structure is highly symmetric, well-defined 

and monodisperse.30,31 Dendrimers can be formed from nucleotides, sugar molecules or 

amino acids, for example.32–34 Their synthesis takes place in a step-by-step process and thus 

enables an irregular, well-arranged formation of the branching patterns of the dendrimer.35 

Their diverse peripheral groups and distinct molecular weight make them a unique source 

for drug delivery. The transport of drugs via dendrimers can take place in different ways.36 

One possibility is to encapsulate the drugs in the core. This can be done by hydrophobic or 

chemical interactions or hydrogen bonds. Furthermore, direct covalent attachment of the 

drugs to the terminal active groups of the branches can also occur.37 However, a 
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disadvantage of transporting drugs by dendrimers is that dissociation of the attached 

molecules can happen.38 Nevertheless, the use of dendrimers is diverse: they can not only 

used as drug delivery systems,39 but can also be used for magnetic resonance imaging 

contrast agents,40 gene delivery,41,42 photodynamic therapy,43–46 transdermal drug 

delivery47 and dendritic sensor.48 

Micelles 

Micelles are nanoscopic structures formed by the spontaneous aggregation of amphiphilic 

molecules or surfactants in a dispersion medium (usually water). The non-polar tails 

(hydrophobic) are arranged in the center, the polar heads (hydrophilic) point outward into 

the external solvent.49 A particular class of micelles form the polymeric micelles. They 

consist of amphiphilic block copolymers. The core is formed by the insoluble copolymer, 

whereas the shell is formed by the soluble copolymer.50 When non-polar solvents are used, 

equally inverse micelles can be prepared. Then the head points to the center and the tail is 

directed outward. Polymeric micelles are excellent suitable for drug delivery applications, 

because of their modifiable properties.51 There are countless ways to produce polymeric 

micelles, but the most common systems are based on polyethylene glycol (PEG) as a 

hydrophilic copolymer. Poly(-benzyl-L-aspartate) (PBLA), poly(L-lactid acid) (PLA) and 

various lipids are some examples for the hydrophobic block. The hydrophobic blocks PBLA 

and PLA are biodegradable into non-toxic byproducts in vivo.51 The drug is transported in 

the micelles by encapsulation. Therefore, water-insoluble drugs are particularly suitable for 

the transport in micelles.52,53 However, this also results in a clear disadvantage of the 

system: either hydrophobic or hydrophilic drugs can be encapsulated. But the positive 

aspects and the great variety and possibilities of these drug delivery systems outweigh 

this.54,55  

Polymeric Nanocarriers 

Polymeric nanoparticles are colloidal solid nanoparticles that can be formed from any 

biodegradable natural or synthetic polymers.56 Natural polymers for polymeric nanocarriers 

can be chitosan, gelatin, albumin, collagen and alginate. As synthetic polymers, for example, 

poly(lactid-co-glycolic acid) (PLGA), polyethylene glycol (PEG), poly(glutamic acid) (PGA) 
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and poly(caprolactone) (PCL) can be used.57 Two basic types can be distinguished: 

nanocapsules and nanospheres. Nanocapsules have a reservoir in which the drug is 

dissolved or dispersed in the core of the polymer.58 Nanospheres form a polymer matrix in 

which the drug can be trapped.59 Furthermore, in both types, chemical conjugation or 

adsorption of the drug can take place on the surface.60 Biodegradation of such nanocarriers 

in the body produces monomers that are easily degraded by metabolic pathways.61 The high 

variability of their properties makes them attractive drug delivery systems.62 Furthermore, 

polymeric nanocarriers possess some advantages with respect to other nanocarriers. They 

are characterized by their higher stability, they have a high drug concentration, a longer 

circulation time in the bloodstream and a sustained release of the drug.63 However, a clear 

disadvantage of the system is that substances from the body, such as proteins, can also 

accumulate on the surface. This makes it difficult to study the models under physiological 

conditions.64,65 

Liposomes 

Liposomes are bilayered structures consisting of natural phospholipids.66 Two types are 

distinguished: unilamellar liposomes, which are formed from one bilayer, or multilamellar 

liposomes, which are formed from more than one bilayer. They arrange themselves in a 

spherical structure, with an aqueous core surrounded by the lipophilic bilayer.67 Both can 

transport hydrophilic and hydrophobic drugs. Furthermore, they possess good 

biocompatibility, biodegradability and low toxicity. These positive properties make them 

ideal for the transport of biologically active agents.55 However, liposomes have a significant 

disadvantage compared to other nanocarrier systems. They have a shorter blood circulation 

time.68 The reason for this is their comparatively much larger size. This means that they are 

more quickly detected as foreign by the body's defense mechanisms.69 In the meantime, 

however, there are various strategies and approaches to significantly extend the circulation 

time in the blood. One approach, for example, is to modify the surface of the liposomes with 

polymeric compounds. A common method for surface modification is the coating with 

polyethylene glycol (PEG).70 For this process, PEGylated lipids are incorporated into the 

bilayer of the liposomes. The PEG chains point into the aqueous medium and enclose the 

surface, forming sterically stabilized liposomes (SSL), which are also called "stealth 
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liposomes".71 Compared to conventional liposomes, stealth liposomes have a prolonged 

serum half-life and an improved safety profile.72–74  

Nonvesicular Lipid Nanocarriers 

In addition to vesicular nanocarriers, such as liposomes, there are also some nonvesicular 

forms of lipid nanoparticles (LNP). These include solid lipid nanoparticles (SLN) and the 

new generation nanocarriers such as nanostructured lipid carriers (NLC) and lipid drug 

conjugates (LDC). Unlike vesicular lipid nanocarriers, emulsifiers or surfactants must be 

used to stabilize the structures. The nanocarriers can be used for drug delivery via topical 

applications, parenteral and oral administration.75 

Solid lipid nanoparticles (SLN) are colloidal carriers with a size of 50-1000 nm. They are 

prepared by dispersion of molten lipids in water, stabilized by addition of surfactants.76 

Lipids that are biocompatible, biodegradable and solid at room temperature are used for 

their preparation. These include free fatty alcohols or fatty acids, steroids or waxes and 

mono-, di- and triglycerides.77 They are suitable for transporting lipophilic drugs. The drug 

can be incorporated into the matrix, the shell or the core. This depends on the production 

conditions and the composition. Compared to other carrier systems, they are characterized 

by a better stability.78 They have unique properties, such as a large surface area. However, 

disadvantages of the systems are a low drug loading capacity and a spontaneous burst 

release of the drug.79 

Nanostructured lipid carriers (NLC) combine solid and liquid lipids.75 This combination 

gives them a less organized internal structure.80 Compared to solid lipid nanoparticles, they 

have a higher drug-loading capacity and less drug expulsion property.81,82 The liquid lipids, 

which were used, are mainly medium chain triglycerides and oleic acid, as well as natural 

edible oils.83 

Lipid drug conjugates (LDC) are water insoluble carrier molecules consisting of a drug 

covalently modified with a lipid.84 They have several advantages, such as reduced drug 

toxicity compared to direct administration of the drug, high entrapment efficiency of 

hydrophilic drugs, improved oral bioavailability and targeting of tumor tissue.75 Based on 

the chemical structures of drugs and lipids, various conjugation strategies and chemical 
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linkers can be used for the synthesis of LDCs. Common systems consist of conjugates of 

drugs with fatty acids, steroids, glycerides or phospholipids.85 Here, the drugs are covalently 

linked direct to the lipid anchor. A combination is often made between a lipid nanocarriers 

and a lipid drug conjugate: for this purpose, the drug is first conjugated to a lipid and then 

additionally used for the synthesis of another nanocarrier.86–88 This is done to take 

advantage of the good properties of both systems. 

1.4.2 Drug Targeting 

The major challenges in clinical research are, on the one hand, the targeted diagnosis of a 

disease and finding a suitable drug for treatment. On the other hand, it is of immense 

importance to find the best strategy for the targeted delivery of the drug to the specific site. 

This insight was already recognized by Paul Ehrlich in 1910. He postulated the use of a 

“magic bullet” for targeted drug delivery and its importance in fighting diseases.89 The 

targeted delivery increases the therapeutic effect by reducing the non-specific distribution 

of the drug and its side effect. 

Two fundamental transport mechanisms are distinguished for the targeted transport of 

nanocarriers: passive targeting and active targeting. In the following sections, both 

mechanisms will be considered in more detail for the targeted drug delivery in cancer cells. 

Cancer cells have some differences from normal tissues. These differences include vascular 

abnormalities, oxygenation, perfusion, pH and metabolic stages.90 These differences can be 

used for the design of nanocarriers as targeted tumor-drug delivery systems. 

Passive targeting 

Passive targeting is the transport of nanocarriers by convection or passive diffusion.91 The 

accumulation of nanocarriers in diseased tissue, such as tumor tissue, occurs through the 

enhanced permeability and retention effect (EPR effect).92 Matsamura and Maeda first 

explained the EPR effect in 1986.93 Diseases, such as cancer, lead to a leaky vasculature 

where the endothelial cells are many times larger than in healthy blood vessels.94 This 

allows nanocarriers to extravasate through the leaky vasculature into the inflamed areas, 

tumor tissue or ichemic tissue. The EPR effect therefore forms the basis for passive targeting 

and is now becoming the gold standard in cancer-targeting drug designing.95 The EPR effect 
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can be used in all rapidly growing solid tumors, and therefore it forms a guiding system for 

all nanocarriers.96 However, exceptions where the EPR effect cannot be used are 

hypovascular tumors, such as prostate cancer or pancreatic cancer.97,98 The transport of 

nanocarriers via passive targeting is shown schematically in Figure 2 below. 

 

Figure 2: Passive targeting of nanocarriers. 

For the optimal accumulation of the nanocarriers via EPR effect, immune surveillance must 

be evaded to maintain blood circulation time for a long period. The local concentration of 

drug-loaded nanocarriers can be 10-50-fold higher in tumor tissue than in normal tissue 

within 1-2 days.99 To this end, nanocarriers must fulfill three main properties. First, the size 

of the nanocarriers plays an important role. They should be between 10-100 nm in size. 

Nanocarriers larger than 100 nm can accumulate in the liver, carriers smaller than 10 nm 

are excreted by the filtration of the kidney.100 Furthermore, the particles should be neutral 

or anionically charged to efficiently avoid renal elimination. Last, the nanocarriers must be 

able to hide from the reticulo-endothelial system. This is responsible for the destruction of 

any foreign material through opsonization followed by phagocytosis.55,101 

There are also some limitations for the passive transport. Passive transport depends on the 

degree of vascularization and angiogenesis of the tumor.102 This may result in leakage of 
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the nanocarriers from the tumor tissue into the surrounding tissue. The tumor types and the 

anatomical sites of the tumor influence this. In solid tumors, there is high pressure caused 

by the interstitial fluid.103 It prevents the successful uptake and homogeneous distribution 

of drugs, which are not entrapped in a carrier. Small molecules can diffuse more easily into 

the tumor, but also back into the blood. This leads to a rapid decrease in their effective 

concentration in the tumor drug-loaded nanocarriers cannot diffuse back because of their 

size. They accumulate in the tumor tissue.104 This process also explains the size relationship 

of the nanocarriers with the EPR effect.105 

Active targeting 

In the process of active targeting, the surface of the nanocarrier is functionalized with small 

ligand molecules that can actively bind to specific receptors on diseased cells. Cancer or 

tumor cells in particular overexpress specific proteins on their surface. This allows the 

nanocarriers to bind selectively and with high affinity to the target cell. Thus, active 

targeting enables increased uptake of the drug by the diseased cells.106 The first knowledge 

of active targeting was obtained by Leserman et al. in 1980 using antibodies crafted onto 

the surface of liposomes.107 Other examples of targeting ligands are small molecules, lectins, 

lipoproteins, peptides (arginyl glycylaspartic acid), hormones, glycoproteins (transferrin), 

polysaccharides, low molecular weight vitamins (folic acid), nucleic acids and growth 

factors.90,108,109 The nanocarriers can also be equipped with several different ligands on the 

surface due to their large surface-to-volume ratio.110 The active targeting process for the 

targeting of cancer cells is shown schematically in Figure 3. 

Cell surface receptors overexpressed in cancer cells are critical for successful drug 

targeting.111 The basis for the efficacy of nanocarriers is their ability to be internalized after 

binding to the target cell.112 In this strategy, ligand-targeted nanocarriers lead directly to 

the death of the cell and have a cytotoxic effect on cells located in the tumor periphery that 

are independent of angiogenesis.113 There are four types of receptors that are well studied 

and allow the internalization. These receptors include the transferrin receptor, the folate 

receptor, glycoproteins expressed on the cell surface, and the epidermal growth factor 

receptor.15,90 
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Figure 3: Active targeting of nanocarriers.  

Transferrin is a glycoprotein in the serum that is responsible for the transport of iron 

through the blood into the cells. For uptake into cells, it binds to the transferrin receptor and 

is internalized by receptor-mediated endocytosis.114 The transferrin receptor is a protein 

responsible for homeostasis and the regulation of cell growth.115 In cancer cells, the 

expression of transferrin receptors is 100-fold higher than in normal cells. This receptor is 

an attractive target for cancer therapy, because of its extracellular accessibility, its ability to 

internalize and its central role in the cellular pathology of human cancer.116 

The folate receptor is a well-known tumor marker. It binds to the vitamin folic acid, but also 

to folate-drug conjugates or folate-functionalized nanocarriers. It has a high affinity and 

transports the molecules into the cell by receptor-mediated endocytosis.117 Folic acid is 

essential for the synthesis of nucleotide bases, because it is required for metabolic reactions 

with one carbon, which contributes significantly to the synthesis.118 The alpha-isoform of 

the folate receptor in particular is overexpressed on 40% of human cancers.119 

Lectins are proteins of non-immunological origin and play a role associated with 

glycoproteins at the cell surface. They recognize carbohydrate parts attached to 
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glycoproteins and can bind to them.120 Different glycoproteins are often expressed by cancer 

cells compared to normal cells. The interaction of lectins with certain carbohydrates is very 

specific. Targeting can take place in two different ways. In direct lectin targeting, the lectins 

are incorporated into the nanocarrier and directed to the cell-surface carbohydrates. In 

reverse lectin targeting, carbohydrate moieties are coupled to nanoparticles to target 

lectins.121 Lectins and neoglycoconjugates are mainly used for drug targeting in the colon.122 

The epidermal growth factor receptor (EGFR) belongs to the tyrosine kinase receptor 

family.123 Activation of the receptor stimulates important processes involved in tumor 

growth and progression. These processes include proliferation, angiogenesis, invasion and 

metastasis.124 Overexpression is found in many cancers, but predominantly in breast cancer, 

but a significant role in progression can also be found in other human malignancies.125,126 

Expression or overexpression has also been detected in several solid tumors, such as 

colorectal cancer, non-small cell lung cancer and squamous cell carcinoma of the head and 

neck, as well as ovarian, kidney, pancreatic and prostate cancer.127 

In general, active targeting is preferred to passive targeting, because it prevents off-target 

drug delivery and reduces multi-drug resistance.128 Furthermore, targeting can take place 

anywhere in the body, regardless of the EPR effect. Thereby cancer cells can also be 

combated without a defined location, as in the case of metastases, for example. This is 

particularly important to prevent the proliferation of cancer cells to other organs.129 

A clear disadvantage, however, is that the development and production of functionalized 

nanocarriers is much more complex and usually associated with high costs.130 A reduction 

in the manufacturing costs for the development of economically valuable therapeutics for 

the treatment of diseases is therefore essential. 

1.4.3 Stimuli-sensitive nanocarriers 

In recent years, research interest in "smart" or “responsive” nanocarriers has been 

growing.131,132 These are systems, which consists of materials that can change their 

properties in response to stimuli.133 Two groups of stimuli can be divided: stimuli that are 

induced from the outside are called external stimuli, stimuli that are induced from the inside 

are called internal stimuli.  
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Figure 4: Stimuli-responsive drug release via external or internal stimuli. 

External stimuli include heat, ultrasound, light and the magnetic field, whereas pH, redox 

processes and enzyme activity belong to the internal stimuli. These stimuli can be used to 

induce targeted drug release.134 In particular, in cancer cells, the stimuli can be perfectly 

used for targeted drug release or interaction with a specific target due to the unique 

extracellular tumor environment. Furthermore, drug retention can be controlled by 

nanocarriers. For example, by applying external stimuli, a controlled and selective targeting 

of cells can be triggered.135 In the next sections, the different stimuli will be discussed in a 

more detailed way. 

External stimuli 

Many pathological areas show distinct hyperthermia.136 In the development of temperature-

sensitive nanocarriers, various polymers with a low critical solution temperature (LCST) are 

of great interest. These materials undergo a phase separation from solution upon a 

temperature change. The release of a drug in a temperature-sensitive nanocarrier occurs by 



1 INTRODUCTION 

74 
 

precipitation of the polymer when the temperature is above the LCST (in the tumor).137 The 

structure of the nanocarrier is thus destroyed, resulting in the release of the drug. The most 

widely used polymer for thermos-responsive nanocarriers is poly(N-isopropylacrylamide) 

(PNIPAM), because of its outstanding properties.138 Various physical processes can achieve 

local heating of the tumor. 

Ultrasound is a preferred method to induce local heating via high-intensity focused 

ultrasound (HIFU). This method is least invasive, easy and cheap.139 However, ultrasound 

can not only trigger thermal effects through local heating, but is also suitable for mechanical 

effects, for example through transient cavitation.140 

Another external stimulus can be triggered via the magnetic field. Magnetic nanoparticles, 

such as superparamagnetic iron oxide nanoparticles (SPION) are used for this purpose.141 

These were originally developed for magnetic resonance imaging by passive targeting, but 

are also used as drug targeting systems.142,143 For this purpose, the SPION systems are 

coated with targeting ligands and transported via active targeting. By using an external 

magnetic field, it is possible to guide the nanoparticles to the target site.144 Furthermore, the 

magnetic process leads to a local increase in temperature when the SPION nanoparticles 

are used with an alternating magnetic field.145 This allows the elimination of the tumor. The 

procedure is called "magnetic thermal ablation".146 

When light is used as an external stimulus, photo-responsive polymers are applied. These 

molecules can change their properties under the influence of light of a certain wavelength. 

The influence of light induces a structural change in a specific function of these polymers 

in general.147 An example of a photo-responsive system is the use of pyrene-containing 

hydrophobic methacrylate units in micelles. Irradiation with UV causes cleavage of the 

pyrenyl-methyl ester units, leading to transformation of the previously hydrophobic 

methacrylate units to hydrophilic units and results in the dissociation of the micelles.148 

However, the systems controlled with light from the UV or visible wavelength ranges have 

some limitations, because they can be absorbed by the skin and cause undesirable side 

reactions. For this reason, researchers are interested in photo-responsive polymer systems 

that can be modified with infra-red or near infra-red light.149,150 
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Internal stimuli 

Within the body, pH values can vary significantly. This ranges from the strongly acidic pH 

in the stomach to a basic pH of the intestine, but also intracellular components such as the 

cytoplasm, endosomes, lysosomes, mitochondria and nuclei have their own characteristic 

pH values.151–154 This property can be used not only for drug targeting in general, but 

especially as an internal stimulus in targeted drug release in cancer. The pH in both primary 

and metastasized tumors is lower than the pH in healthy tissue.155 Because of this, acidic 

pH serves as an ideal internal stimulus in drug delivery via pH-responsive nanocarriers.156 

The transport of the pH-responsive nanocarriers to the target site is carried out by active or 

passive targeting and the drug release occurs by the deformation of the nanocarriers.157 The 

most common components for pH-responsive nanocarriers are polymers, which undergo a 

change in their physical properties under the influence of small pH changes. These changes 

in physical properties include size, shape or hydrophobicity and leads to a destabilization of 

the nanocarrier which triggered the release of the drug.156 Further details about pH-

responsive polymers can be found in Chapter 1.3. pH-responsive nanocarriers can overcome 

the lack of selectivity of conventional anticancer methods and, together with EPR, enhance 

the efficacy of therapeutic agents including siRNA, drugs or radioisotopes.158 

Enzymatic activity can also be used as an internal stimulus. For this purpose, nanocarriers 

can be activated by overexpressed enzymes in the tumor. A special therapeutic approach is 

based on tumor site-specific enzymatic activation of a prodrug. In this approach, either an 

accumulation by the enzyme in the tumor takes place or an ineffective prodrug is converted 

by the enzyme into its cytotoxic form in the tumor area.159 When enzymes are used for drug 

delivery from nanocarriers, enzymatically induced cleavage of a linker on the nanocarrier 

usually occurs, which controls the release of the drug.160 

Another class of responsive polymers reacts to redox processes. One of the most important 

example are the redox/thiol sensitive polymers.161 The conversion of disulfides and thiols 

in biological processes is a key step. Disulfide bonds can be reversibly converted to thiols 

by various reducing agents and undergo disulfide exchange in the presence of other 

thiols.162 For this reason, polymers containing disulfide bonds can be considered both redox 

and thiol responsive.163 Oxidative processes take place in the extracellular fluid, in inflamed 
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tissue and tumor tissue, whereas reductive processes take place in the cells.164 This property 

allows redox-responsive polymers to be used for the controlled release of drugs in inflamed 

and tumor tissues.165 There, reactive oxygen species (ROS) are released by activated 

macrophages, which can trigger the transformation of redox-responsive nanocarriers.166,167 

This leads to a change in the physical properties of the polymers and consequently to the 

release of the drug. However, redox-responsive systems can not only be used for the drug 

delivery, but also for imaging.168 
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Abstract 

Polyether-based lipids can be used in many ways as drug delivery systems, for example in 

liposomal formulations but also for the direct conjugation of small molecules. Due to the 

stealth effect of the polyether moiety and the mediated binding to albumin or other serum 

molecules, polyether lipids offer a promising opportunity to modify the pharmacokinetic 

profile of these small molecules. To prevent unwanted binding of the conjugates with 

hydrophobic pockets of serum proteins or phospholipid membranes, a pH-responsive 

cleavage site between the hydrophobic lipid anchor and the polymer chain may be of 

interest. In this work, we present the synthesis of a cholesterol-based initiator for the 

preparation of pH-responsive polyether lipids via anionic ring-opening polymerization 

(AROP) of ethylene oxide.  
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2.1.1 Introduction 

Amphiphilic polymer lipids are widely used in different biomedical and therapeutic 

applications. Poly(ethylene glycol) (PEG) is the most prominent example in polymer 

materials for biomedical applications and is used as the hydrophilic part of the polymeric 

lipid due to its special properties like water solubility, biocompatibility and low toxicity.1–3 

Polyether-based polymer lipids are attractive drug carriers for small molecules, because they 

strongly alter the pharmacokinetic properties or improve the solubility.4 Small molecules 

exhibit a fast deposition and renal clearance, whereas binding to a polymer lipid can prolong 

the blood circulation by a multiple time. The hydrophobic part induces the binding to serum 

proteins with hydrophobic pockets, such as albumin, whereas the hydrophilic part induces 

the stealth effect of PEGylated systems.4–7 Due to albumin binding and an increased 

accumulation of albumin in the cancer milieu, the intravenous administration of the 

polymeric lipid-drug can result in a higher tumor accumulation via enhanced permeability 

and retention (EPR) effect.8 Enrichment enables a drug depot in the tumor tissue for 

sustained release of the drug. With an optimal adjustment of the amphiphilic structure and 

a balanced water solubility, the lymphatic albumin flow can be interrupted and the active 

substance can accumulate in the lymphoid tissue.9,10 The accumulation in lymphoid tissue 

is of great interest with regard to vaccination and immunotherapy. Various approaches 

developed from this realization. For example, the Irvin group dealt with the effect of semi 

macromolecular drugs based on oligonucleotides and peptides.11 In contrast, the group of 

De Geest et al. investigated the immune-modulatory of small molecule agonists of Toll like 

receptor 7.12 Recent publications by the group of De Geest and Schotsaert et al. dealt with 

the effect of a lipid amphiphile consisting of an imidazoquinoline conjugated to the chain 

end of a cholesterol-poly(ethylene glycol) macromolecule against the coronavirus 2 (SARS-

CoV-2).13 In most cases, the drug is directly attached to the amphiphilic polymer lipid. By 

incorporating a degradable site between the hydrophobic lipid and the hydrophilic polymer 

chain, entirely new properties and the resulting application possibilities can be generated. 

For example, the accessibility of the drug may be limited by the anchoring of the lipid motif 

to the endosomal phospholipid membrane. This may lead to reduced receptor interaction or 

activation of metabolic enzymes.14 
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In this work, the synthesis of a novel cholesterol-based, pH-responsive polyether lipid is 

presented. Among the many possibilities to introduce a cleavage site in the PEG backbone, 

vinyl ethers are the most promising functional group to achieve this goal. Vinyl ether-

containing PEG polymers are characterized by rapid hydrolysis kinetics at a pH around 5, 

but have excellent stability at pH 7.4 as well as under dry storage conditions.15,16 Adequate 

stability is not only a requirement for good storage but also for the handling and application-

specific chemical modification of the materials. Furthermore, premature cleavage of the 

polymer backbone, for example on the way to the targeted tissue or cell compartment, 

should be prevented. Therefore, the time frame, controlled by the specific stimulus, is crucial 

for the successful use of pH-responsive polymers. The unique combination of moderate 

stability and fast hydrolysis kinetics at physiologically relevant pH values make vinyl ether-

containing PEGs to promising candidates for various biomedical applications. Cholesterol 

was chosen for the hydrophobic part in the amphiphilic polymer. Conjugates of cholesterol 

are known for their spontaneous anchoring in the cell membrane and their albumin-binding 

properties.17,18 

2.1.2 Experimental part 

Terminology 

The allyl ether based diol is named 2,2'-((2-methylenepropane-1,3-diyl)bis(oxy))bis(ethan-

1-ol) (MBE) and after protection of one hydroxyl group with 3,4-dihydropyran (DHP) it is 

named 2-((2-((2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)methyl)allyl)oxy)ethan-1-ol (THP-

MBE). The protected MBE was transformed in the tosylated product with the synonym 2-

((2-((2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)methyl)allyl)oxy)ethyl 4-

methylbenzenesulfonate (THP-MBE-Ts). The reaction of cholesterol and THP-MBE-Ts 

leads to cholesteryl-MBE-THP (Chol-MBE-THP) and after cleavage of the protecting group 

under acidic conditions to the initiator cholesteryl-MBE-OH (Chol-MBE-OH). The 

amphiphilic polymer lipid based on the initiator is called cholesteryl-MBE-Poly(ethylene 

glycol) (Chol-MBE-PEG) and after the isomerization cholesteryl-isoMBE-Poly(ethylene 

glycol) (Chol-isoMBE-PEG). The comparison structures without cleavage site are called 

cholesteryl-Poly(ethylene glycol) (Chol-PEG). 
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Instrumentation 

1H NMR (300 MHz), 13C NMR (75 MHz) and 2D spectra were recorded on a Bruker Avance 

III HD 300 (5 mm BBFO-Probe with z-Gradient and ATM). 1H NMR (400 MHz), 13C NMR 

(100 MHz) and 2D spectra were measured on a Bruker Avance II 400 MHz (5 mm BBFO-

Probe Z-gradient and ATM, SampleXPress 60 auto sampler). The chemical shifts were 

internally referred to residual proton signals of the deuterated solvent. 

Size exclusion chromatography (SEC) was performed at 50 °C in N,N-dimethylformamide 

(with 1 g/L lithium bromide added) as eluent on an Agilent 1,100 Series equipped with 

Polymer Standards Service (PSS) HEMA columns with 300/100/40 Å porosity and a RI 

detector. The determination of the molecular weights was determined by a calibration with 

poly(ethylene glycol) standards by PSS. 

Differential scanning calorimetry (DSC) measurements were carried out under a nitrogen 

atmosphere using a Perkin Elmer DSC 8,500 in the temperature range of -95 °C to 100 °C, 

with heating rates of 20 °C/min for the first and 10 °C/min for the second heating run. 

MALDI-ToF MS measurements were performed on a Shimadzu Axima CFR MALDI-ToF or 

a Bruker Rapiflex. Samples were prepared trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) as a matrix and potassium trifluoroacetate as a 

cationization agent. 

Materials 

All solvents and reagents were purchased generally from the suppliers Acros Organics, 

Tokyo Chemical Industry (TCI), Sigma-Aldrich, Fluka, Fisher Scientific, Alfa Aesar and 

were used as received unless otherwise stated. Deuterated solvents were purchased from 

Deutero GmbH. Dialysis membranes (regenerated cellulose, MWCO = 1000 g/mol) were 

purchased from Orange Scientific.  

Synthesis procedure 

Synthesis of 2,2'-((2-methylenepropane-1,3-diyl)bis(oxy))bis(ethan-1-ol) (MBE) 

The synthesis of MBE was carried out in a slightly modified form according to literature.19 
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Ethylene glycol (200 mL) was slowly added under argon atmosphere to a suspension of 

sodium hydride (10.08 g, 0.42 mol, 2.1 eq.) in dry THF (200 mL). The resulting mixture was 

stirred at room temperature for 30 minutes. Subsequently, 3-chloro-2-(chloromethyl)prop-

1-ene (25.00 g, 0.20 mol, 1 eq.) 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.=130 °C, 0.001 mbar) as a colorless oil 

(yield: 11.06 g, 0.06 mol, 30 %). 

1H NMR (300 MHz, chloroform-d) δ [ppm] = 5.20 (s, 2H, H2C=C), 4.08 (s, 4H, CH2OH), 3.76 

– 3.70 (m, 4H, H2C=(C-CH2O)2), 3.59 – 3.51 (m, 4H, CH2O). 

13C NMR (75 MHz, chloroform-d) δ [ppm] = 142.41 (1C, H2C=C), 115.94 (1C, H2C=C), 72.31 

(2C, H2C=(C-CH2O)2), 71.63 (2C, CH2-O-CH2), 61.83 (2C, CH2OH). 

Synthesis of 2-((2-((2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)methyl)allyl)oxy)ethan-1-ol 

(THP-MBE) 

MBE (6.90 g, 39.18 mmol, 5.90 mL, 1 eq.) was dissolved in dichloromethane (80 mL), the 

solution was cooled to 0 °C and pyridinium p-toluenesulfonate (PPTS) (1.97 g, 7.84 mmol, 

0.2 eq.) was added to the cooled solution. Subsequently, 3,4-dihydropyran (DHP) (3.30 g, 

39.18 mmol, 3.58 mL, 1 eq.) was slowly added via syringe. After 1.5 hours the cooling 

mixture was removed and the reaction mixture was stirred for 3 hours at room temperature. 

To the solution saturated NaHCO3 was added and the product was extracted from the 

aqueous solution with dichloromethane (3 x 20 mL). The organic layer was dried and 

evaporated under reduced pressure. The monofunctional product and bifunctional product 

were separated via column chromatography (ethyl acetate/cyclohexane 3:1, Rf 

(mono) = 0.43, Rf (bi) = 0.81). The monofunctional product THP-MBE was obtained as a 

colorless oil (yield: 3.28 g, 12.60 mmol, 32 %). 

1H NMR (300 MHz, DMSO-d6) δ [ppm] = 5.18 – 5.07 (m, J = 1.1 Hz, 2H, H2C=C), 4.64 – 4.53 

(m, 2H, O-CH-O, -OH), 3.99 – 3.87 (m, 4H, H2C=(C-CH2O)2), 3.80 – 3.64 (m, 2H, O-CH-O-

CH2), 3.57 – 3.29 (m, 8H, O-CH2-CH2-O), 1.80 – 1.33 (m, 6H, CH2-CH2-CH2). 
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13C NMR (75 MHz, DMSO-d6) δ [ppm] = 143.29 (1C, H2C=C), 112.53 (1C, H2C=C), 97.94 

(1C, O-CH-O), 71.60 (1C, O-CH-O-CH2), 70.73 (2C, H2C=(C-CH2O)2), 68.94 (1C, O-CH2-

CH2-OH), 65.95 (1C, O-CH2-CH2-O), 61.12 (1C, O-CH2-CH2-OH), 60.19 (1C, O-CH-O-CH2), 

30.21 (1C, O-CH2-CH2-CH2-CH2), 25.03 (1C, O-CH2-CH2-CH2-CH2), 19.05 (1C, O-CH2-

CH2-CH2-CH2). 

Synthesis of 2-((2-((2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)methyl)allyl)oxy)ethyl 4-

methylbenzenesulfonate (THP-MBE-Ts) 

The synthesis of THP-MBE-Ts was carried out in a modified form according to literature.20 

Under argon atmosphere THP-MBE (5.16 g, 19.82 mmol, 1 eq.) and triethylamine (5 mL) 

were dissolved in dichloromethane (15 mL), the solution was cooled to 0 °C and p-

toluenesulfonic acid chloride (3.78 g, 19.82 mmol, 1 eq.) was added. The mixture was stirred 

on ice for 20 hours. The solvent was removed under reduced pressure, the residue floated 

in diethyl ether and filtered off. The diethyl ether was removed, and the crude product was 

obtained as an orange liquid. The crude product was purified using column chromatography 

(cyclohexane/ethyl acetate 4:1) and the product was obtained as a viscous, colorless liquid 

(yield: 5.34 g, 12.88 mmol, 65 %). 

1H NMR (300 MHz, DMSO-d6) δ [ppm] = 7.79 (d, J = 8.3 Hz, 2H, Haromat), 7.48 (d, 2H, J = 

8.0 Hz, Haromat), 5.08 (d, 2H, J = 16.9 Hz, H2C=C), 4.58 (s, 1H, O-CH-O), 4.21 – 4.08 (m, 2H, 

CH2-Ts), 3.88 (d, J = 4.4 Hz, 4H, H2C=(C-CH2O)2), 3.72 (q, J = 12.5, 11.9 Hz, 2H, O-CH-O-

CH2), 3.58 – 3.36 (m, 6H, O-CH2-CH2-O, O-CH2-CH2-Ts), 2.43 (s, 3H, CH3), 1.81 – 1.42 (m, 

6H, CH2-CH2-CH2). 

13C NMR (75 MHz, DMSO-d6) δ [ppm] = 145.38 (1C, SO3-C), 143.15 (1C, H2C=C), 132.89 

(1C, Caromat), 130.61 (1C, Caromat), 128.07 (1C, Caromat), 113.41 (1C, H2C=C), 98.42 (1C, O-CH-

O), 71.03 (1C, O-CH-O-CH2), 70.42 (2C, H2C=(C-CH2O)2), 69.40 (1C, O-CH2-CH2-Ts), 67.53 

(1C, O-CH2-CH2-O), 66.40 (1C, O-CH2-CH2-Ts), 61.60 (1C, O-CH-O-CH2), 30.67 (1C, O-

CH2-CH2-CH2-CH2), 25.48 (1C, O-CH2-CH2-CH2-CH2), 21.55 (1C, CH3), 19.51 (1C, O-CH2-

CH2-CH2-CH2). 
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Synthesis of cholesteryl-MBE-THP (Chol-MBE-THP) 

Dry dioxane (25 mL) was placed in a Schlenk flask and sodium hydride (0.23 g, 9.65 mmol, 

1 eq.) was added under argon atmosphere. Cholesterol (4.10 g, 10.61 mmol, 1.1 eq.) was 

dissolved in dry dioxane (5 mL) and slowly added to the suspension via syringe. The solution 

was stirred for 1 h until no gas evolution could be detected. The reaction mixture was cooled 

to 0 °C, and the THP-MBE-Ts (4.00 g, 9.65 mmol, 1 eq.) was added via syringe. The solution 

was then heated to 110 °C for 48 hours under reflux. After the reaction time, dioxane was 

removed in vacuo. The residue was dissolved in ethyl acetate, the organic phase was 

extracted with NaHCO3-solution, dried over NaSO4 and the organic solvent was evaporated. 

The crude product was purified by column chromatography (cyclohexane/ethyl acetate 

10:1), and the product was obtained as a viscous, colorless liquid (yield: 2.50 g, 3.97 mmol, 

41 %). 

1H NMR (300 MHz, chloroform-d) δ [ppm] = 5.28 (d, J = 5.1 Hz, 1H, CH=Cchol), 5.14 (s, 2H, 

H2C=C), 4.59 (t, J = 3.4 Hz, 1H, O-CH-O), 4.00 (s, 4H, H2C=(C-CH2O)2), 3.87 – 3.74 (m, 2H, 

O-CH-O-CH2), 3.63 – 3.39 (m, 8H, O-CH2-CH2-O), 3.20 – 3.06 (m, 1H, O-CHchol), 2.34 (d, J 

= 4.4 Hz, 1H, O-CH-CH2 chol), 2.23 – 2.10 (m, 1H, O-CH-CH2 chol), 2.01 – 0.75 (m, 48H, 

cholesteryl, -CH2-CH2-CH2-), 0.63 (s, 3H, CH3 chol). 

13C NMR (75 MHz, chloroform-d) δ [ppm] = 142.65 (1C, H2C=C), 140.88 (1C, CH=Cchol), 

121.49 (1C, CH=Cchol), 113.77 (1C, H2C=C), 98.76 (1C, O-CH-O), 79.45 (1C, O-CHchol), 71.79, 

71.72 (2C, H2C=(C-CH2O)2), 69.77, 69.37 (2C, O-CH2-CH2-O), 67.25 (1C, Chol-O-CH2-CH2-

O), 66.53 (1C, O-CH2-CH2-O-THP), 62.00 (1C, O-CH-O-CH2), 56.75, 56.14, 50.16, 42.29, 

39.78, 39.50, 39.06, 37.23, 36.83, 36.18, 35.78, 31.93, 31.86 (13C, cholesteryl), 30.53 (1C, O-

CH2-CH2-CH2-CH2), 28.36, 27.98 (2C, cholesteryl), 25.45 (1C, O-CH2-CH2-CH2-CH2), 24.28, 

23.83, 22.82, 22.56, 21.05 (5C, cholesteryl) 19.39, 19.35, 18.71 (3C, cholesteryl, O-CH2-CH2-

CH2-CH2), 11.84 (1C, CH3 chol). 

Deprotection of cholesteryl-MBE-THP for the synthesis of the initiator cholesteryl-MBE-

OH (Chol-MBE-OH) 

Cholesteryl-MBE-THP (2.07 g, 3.29 mmol, 1 eq.) was dissolved in methanol (50 mL), and 4 g 

of an acidic ion exchange resin (Dowex 50WX8) was added to the solution to cleave the 
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cyclic acetal protecting group. The solution was stirred and heated to 50 °C overnight. 

Afterwards, the resin was removed by filtration and the solvent was removed partly in 

vacuo. The product was obtained as a light orange wax (yield: 1.47 g, 2.70 mmol, 82 %). 

1H NMR (400 MHz, chloroform-d) δ [ppm] = 5.36 (d, J = 5.3 Hz, 1H, CH=Cchol), 5.21 (s, 2H, 

H2C=C), 4.08 (s, 4H, H2C=(C-CH2O)2), 3.76 (d, J = 4.7 Hz, 2H, CH2-CH2-OH), 3.68 – 3.64 

(m, 2H, Chol-O-CH2), 3.61 – 3.56 (m, 4H, Chol-O-CH2-CH2-O, O-CH2-CH2-OH), 3.27 – 3.15 

(m, 1H, O-CHchol), 2.45 – 2.34 (m, 1H, O-CH-CH2 chol), 2.24 – 2.10 (m, 1H, O-CH-CH2 chol), 

2.10 – 0.80 (m, 42H, cholesteryl), 0.69 (s, 3H, CH3 chol). 

13C NMR (101 MHz, chloroform-d) δ [ppm] = 142.60 (1C, H2C=C), 140.96 (1C, CH=Cchol), 

121.58 (1C, CH=Cchol), 114.65 (1C, H2C=C), 79.55 (1C, O-CHchol), 72.01 (1C, Chol-O-CH2-

CH2-O), 71.77, 71.38 (2C, H2C=(C-CH2O)2), 69.80 (1C, Chol-O-CH2-CH2-O), 67.27 (1C, O-

CH2-CH2-OH), 61.82 (1C, O-CH2-CH2-OH), 56.79, 56.16, 50.19, 42.33, 39.79, 39.53, 39.05, 

37.24, 36.89, 36.20, 35.79, 31.96, 31.90, 28.35, 28.24, 28.02, 24.30, 23.83, 22.83, 22.57, 21.08, 

19.39, 18.72 (23C, cholesteryl), 11.87 (1C, CH3 chol). 

Synthesis of cholesterol-initiated PEG polymers 

The polymerization of ethylene oxide (EO) using cholesterol as initiator was performed on 

the basis of literature procedures for other glycidyl ethers with adjusted reaction 

procedure.2,21 

The synthesis is described for Chol-PEG82 as a representative example. All other samples 

were synthesized in the same fashion with varied monomer equivalents. 

In a dry Schlenk flask the initiator cholesterol (519.00 mg, 1.34 mmol, 1 eq.) and potassium 

tert-butoxide (136.00 mg, 1.21 mmol, 0.9 eq.) 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 dry THF 

(15 mL), and the flask was cooled to -70 °C with an ethanol/nitrogen cooling bath. Ethylene 

oxide (4.85 g, 109.88 mmol, 5.00 mL, 82 eq.) was condensed via a graduated ampule into the 

flask. The reaction mixture was heated in vacuo to 60 °C for 48 hours. Subsequently, 

methanol (1 mL) was added, and the flask was flushed with argon. The resulting polymer 
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Chol-PEG82 was precipitated three times in diethyl ether and separated via centrifuge. The 

polymer was dried under reduced pressure at room temperature for 24 hours (yield: 90 %).  

1H NMR (300 MHz, chloroform-d) δ [ppm] = 5.32 (d, J = 5.2 Hz, 1H, CH=Cchol), 3.88 - 3.38 

(m, 327H, CHO polyether backbone), 3.22 - 3.13 (m, 1H, O-CHchol), 2.38 – 2.32 (m, 1H, O-

CH-CH2 chol), 2.23 - 2.15 (m, 1H, O-CH-CH2 chol), 2.05 – 0.79 (m, 42H, cholesteryl), 0.66 (s, 

3H, CH3 chol). 

13C NMR (75 MHz, chloroform-d) δ [ppm] = 140.96 (1C, CH=Cchol), 121.52 (1C, CH=Cchol), 

79.45 (1C, O-CHchol), 72.53 (1C, Chol-O-CH2-CH2-O), 70.87 - 70.31(164C, CHO polyether 

backbone), 67.28 (1C, Chol-O-CH2-CH2-O), 65.84 (1C, O-CH2-CH2-OH), 61.67 (1C, O-CH2-

CH2-OH), 56.75, 56.12, 50.15, 42.30, 39.76, 39.49, 39.05, 37.22, 36.85, 36.16, 35.76, 31.93, 

31.87, 28.34, 28.22, 27.99, 24.27, 23.79, 22.82, 22.56, 21.04, 19.38, 18.71 (23C, cholesteryl), 

15.27, 11.85 (1C, CH3 chol). 

Synthesis of cholesteryl-MBE-OH initiated PEG polymers 

The polymerization of ethylene oxide (EO) using Chol-MBE-OH as initiator was performed 

on the basis of literature procedures for other glycidyl ethers with adjusted reaction 

procedure.2,21 

The synthesis is described for Chol-MBE-PEG105 as a representative example. All other 

samples were synthesized in the same fashion with varied monomer equivalents. 

In a dry Schlenk flask the initiator cholesteryl-MBE-OH (765.00 mg, 1.40 mmol, 1 eq.) and 

potassium tert-butoxide (142.00 mg, 1.26 mmol, 0.9 eq.) 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 dry THF (15 mL) and the flask was cooled to -70 °C with an ethanol/nitrogen cooling 

bath. Ethylene oxide (4.85 g, 109.88 mmol, 5.00 mL, 78 eq.) was condensed via a graduated 

ampule into the flask. The reaction mixture was heated in vacuo to 50 °C for 48 hours. 

Subsequently, methanol (1 mL) was added, and the flask was flushed with argon. The 

resulting polymer Chol-MBE-PEG105 was precipitated three times in diethyl ether and 

separated via centrifuge. The polymer was dried under reduced pressure at room 

temperature for 24 hours (yield: 85–90 %). During the polymerization, an in situ 
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isomerization of the polymer of about 60 % took place. The signals of the isomerized 

polymer are labeled iso in the NMR spectrum. 

1H NMR (400 MHz, chloroform-d) δ [ppm] = 6.10 (s, 0.62H, C=CHiso), 5.34 (d, J = 5.3 Hz, 

1H, CH=Cchol), 5.18 (s, 0.53H, H2C=C), 4.02 (s, 1H, H2C=(C-CH2O)2), 3.87 – 3.45 (m, 437H, 

CHO polyether backbone), 3.21 – 3.14 (m, 1H, O-CHchol), 2.39 – 2.34 (m, 1H, O-CH-CH2 

chol), 2.24 – 2.16 (m, 1H, O-CH-CH2 chol), 2.03 – 1.79 (m, 6H, cholesteryl), 1.63 (d, J = 1.2 Hz, 

1.84H, CH3-C=CHiso), 1.59 – 0.85 (m, 39H, cholesteryl), 0.67 (s, 3H, CH3 chol). 

13C NMR (75 MHz, methylene chloride-d2) δ [ppm] = 144.58 (1C, C=CHiso), 140.94 (1C, 

CH=Cchol), 121.45 (1C, CH=Cchol), 113.21 (1C, H2C=C), 110.53 (1C, C=CHiso), 79.50 (1C, O-

CHchol), 73.12, 72.51 (2C, H2C=(C-CH2O)2), 70.75 – 70.27 (210C, CHO polyether backbone), 

68.20 (1C, Chol-O-CH2-CH2-O), 66.96 (1C, O-CH2-CH2-OH), 61.54 (1C, O-CH2-CH2-OH), 

56.80, 56.16, 50.23, 42.27, 39.81, 39.47, 39.06, 37.21, 36.82, 36.17, 35.79, 31.94, 31.88, 28.36, 

28.18, 28.00, 24.23, 23.77, 22.55, 22.30, 21.05, 19.17, 18.49 (23C, cholesteryl), 11.61 (1C, CH3 

chol), 11.11 (1C, CH3-C=CHiso). 

Isomerization of Chol-MBE-PEG to Chol-isoMBE-PEG 

The synthesis is described for the isomerization of Chol-MBE-PEG105 to Chol-isoMBE-

PEG105 as a representative example. All other samples were isomerized in the same fashion 

with varied equivalents of potassium tert-butoxide. 

Chol-MBE-PEG105 (150.00 mg, 37.13 mmol, 1 eq.) and potassium tert-butoxide (8.33 mg, 

74.26 mmol, 2 eq.) were dissolved in dry DMSO (2 mL) in a Schlenk tube under argon 

condition. The solution was stirred and heated to 60 °C under reduced pressure overnight. 

The resulting isomerized polymer Chol-isoMBE-PEG105 was precipitated three times in a 

mixture of diethyl ether/acetone (70:30 vol%) and separated via centrifuge. The polymer 

was dried under reduced pressure at room temperature for 24 hours (yield: 60 %). 

1H NMR (300 MHz, benzene-d6) δ [ppm] =  6.09 – 6.00 (m, 1H, CH3-C=CH), 5.38 (d, J = 

3.4 Hz, 1H), 3.84 (d, J = 10.8 Hz, 2H, CH2-CH=CH), 3.73 - 3.37 (m, 472H, CHO polyether 

backbone), 3.21 – 3.11 (m, 1H, O-CHchol), 2.56 – 2.22 (m, 4H, cholesteryl), 1.90 (s, 3H, CH3-

C=CH), 1.78 – 0.83 (m, 37H, cholesteryl), 0.66 (s, 3H, CH3 chol). 
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13C NMR (75 MHz, benzene-d6) δ [ppm] =  144.76 (1C, C=CH), 140.77 (1C, CH=Cchol), 

121.45 (1C, CH=Cchol), 110.56 (1C, C=CH), 79.41 (1C, O-CHchol), 73.24, 72.78 (2C, CH2-

CH=CH), 71.64 - 70.23 (236C, CHO polyether backbone), 68.92 (1C, Chol-O-CH2-CH2-O), 

67.56 (1C, O-CH2-CH2), 67.08 (1C, O-CH2-CH2), 61.51 (1C, O-CH2-CH2-OH), 56.68, 56.21, 

50.26, 42.25, 39.85, 39.58, 39.36, 37.22, 36.32, 35.87, 32.02, 31.88, 28.57, 28.29, 28.06, 24.26, 

24.00, 22.69, 22.43, 21.10, 19.17, 18.69 (23C, cholesteryl), 11.74 (1C, CH3 chol), 11.52 (1C, CH3-

C=CH). 

Post-polymerization modification 

The functionalization of Chol-PEG with propargyl bromide is described for Chol-PEG78 as 

a representative example. 

Chol-PEG78 (0.40 g, 0.10 mmol, 1 eq.) was placed in a Schlenk flask and dissolved in THF 

(10 mL). The solution was cooled to 0 °C, and sodium hydride (7.00 mg, 0.31 mmol, 3 eq.) 

was added. The solution was stirred for 1 hour at 0 °C to ensure complete deprotonation. 

Subsequently, propargyl bromide (0.35 mL, 0.31 mmol, 3 eq.) (80 wt% in toluene) was added 

and the mixture was allowed to slowly reach room temperature. The solution was stirred at 

room temperature overnight. Afterwards, water (2 mL) was added, and the solvent was 

removed under reduced pressure. The crude product was precipitated three times in diethyl 

ether and separated via centrifuge. The polymer was dried under reduced pressure at room 

temperature for 24 hours (yield: 75 %). 

1H NMR (300 MHz, chloroform-d) δ [ppm] =  5.33 (d, J = 5.0 Hz, 1H, CH=Cchol), 4.20 (d, J = 

2.4 Hz, 2H, OCH2-CCH), 3.89 – 3.38 (m, 339H, CHO polyether backbone), 3.25 – 3.08 (m, 

1H, O-CHchol), 2.45 (t, J = 2.4 Hz, 1H, OCH2-CCH), 2.41 – 2.31 (m, 1H, O-CH-CH2 chol), 2.29 

– 0.75 (m, 42H, cholesteryl), 0.67 (s, 3H, CH3 chol). 

13C NMR (75 MHz, chloroform-d) δ [ppm] = 140.95 (1C, CH=Cchol), 121.52 (1C, CH=Cchol), 

79.64 (1C, OCH2-CCH), 79.45 (1C, O-CHchol), 74.60 (1C, OCH2-CCH), 72.56 (1C, Chol-O-

CH2-CH2-O), 70.86 - 70.24 (170C, CHO polyether backbone), 69.08 (1C, OCH2-CCH), 67.27 

(1C, Chol-O-CH2-CH2-O), 61.64 (1C, Chol-O-CH2-CH2-O), 58.38 (1C, OCH2-CCH), 56.75, 

56.11, 50.15, 42.29, 39.76, 39.49, 39.04, 37.21, 36.84, 36.16, 35.76, 31.92, 31.87, 28.33, 28.21, 

27.99, 24.27, 23.79, 22.82, 22.56, 21.04, 19.37, 18.70 (23C, cholesteryl), 11.85(1C, CH3 chol). 
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The functionalization of Chol-isoMBE-PEG with propargyl bromide is described for Chol-

isoMBE-PEG105 as a representative example. 

Chol-isoMBE-PEG105 (34.00 mg, 0.01 mmol, 1 eq.) was placed in a Schlenk flask and 

dissolved in THF (10 mL). The solution was cooled to 0 °C, and sodium hydride (1.00 mg, 

0.03 mmol, 3 eq.) was added. The solution was stirred for 1 hour at 0 °C to ensure complete 

deprotonation. Subsequently, propargyl bromide (5.00 L, 0.03 mmol, 3 eq.) (80 wt% in 

toluene) was added and the mixture was allowed to slowly reach room temperature. The 

solution was stirred at room temperature overnight. Afterwards, water (0.5 mL) was added, 

and the solvent was removed under reduced pressure. The crude product was precipitated 

three times in diethyl ether and separated via centrifuge. The polymer was dried under 

reduced pressure at room temperature for 24 hours (yield: 85 %). 

1H NMR (400 MHz, benzene-d6) δ [ppm] =  6.08 – 6.04 (m, 1H, CH3-C=CH), 5.41 (d, J = 

4.9 Hz, 1H), 3.94 (d, J = 2.4 Hz, 2H, OCH2-CCH), 3.86 (d, J = 15.0 Hz, 2H, CH2-CH=CH), 

3.74 - 3.25 (m, 410H, CHO polyether backbone), 3.25 – 3.13 (m, 1H, O-CHchol), 2.64 – 2.33 

(m, 3H, cholesteryl), 2.12 (t, J = 2.3 Hz, 1H, OCH2-CCH), 2.07 – 1.96 (m, 2H, cholesteryl), 

1.93 (s, 3H, CH3-C=CH), 1.89 – 0.86 (m, 46H, cholesteryl), 0.68 (s, 3H, CH3 chol). 

2.1.3 Results and discussion 

A wide variety of approaches already exists for introducing vinyl ether structures into PEG-

based polymers. One possibility is to perform an AROP of ethylene oxide (EO) with the 

commercially available epoxide monomer 3,4-epoxy-1-butene (EPB). Subsequent 

isomerization of the allyl ether moieties by Wilkinson’s catalyst leads to the acid cleavable 

vinyl ether structures. In addition to polymerization and isomerization, Worm et al. 

performed pH-dependent degradation studies using 1H NMR spectroscopy, which 

confirmed cleavage of the polymers at different pH values.15 However, the introduction of 

vinyl ether groups using EPB also has some weaknesses. During polymerization, 

elimination occurs as a side reaction due to the acidic proton at the allyl ether position. 

This side reaction can be reduced by adjusting the reaction conditions, such as the base 

used, the solvent and the reaction temperature, but it can never be completely prevented. 

Another problem arises after cleavage of the polymers at acidic pH. Due to the 
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copolymerization, the EPB units are randomly distributed in the polymer backbone. During 

cleavage, polymer fragments of different sizes are formed, which lead to a strong 

broadening of the molecular weight distribution. In the synthesis of cholesterol-initiated 

copolymers of EO and EPB, well-defined structures could be synthesized, but complete 

isomerization could not be obtained for any polymer. The reason for this is that the 

amphiphilic structures assemble into micellar structures under the synthesis conditions of 

isomerization and the required transition state of the catalyst for isomerization is prevented. 

For this reason, the introduction of pH-sensitive vinyl ether groups via copolymerization of 

EO and EPB is not suitable for the formation of amphiphilic structures.  

For the preparation of cleavable polymer lipids as drug delivery systems a single pH-

responsive group between the hydrophobic and the hydrophilic moiety should be realized. 

In our group a new class of allyl ether initiators based on 2-(methylene)-1,3-propanediol 

(MPD) was introduced as lead structure (Scheme 1).22 In this work, a novel cholesterol-based 

initiator for AROP was developed on this basis in a multi-step synthesis procedure. In the 

following sections, the individual synthesis steps will be discussed in more detail. 

 

 

Scheme 1: Isomerization and hydrolysis of MPD-derived substructures. 

2.1.3.1 Initiator synthesis 

Synthesis of bifunctional MBE 

For the introduction of the allyl ether moieties 2,2'-((2-methylenepropane-1,3-

diyl)bis(oxy))bis(ethan-1-ol) (MBE) was synthesized in a convenient one-step reaction of 3-

chloro-2-(chloromethyl)prop-1-ene with ethylene glycol in a nucleophilic substitution 

reaction (Scheme 2). This leads of the addition of two ethylene glycol spacers at the terminal 

hydroxyl groups of the lead structure 2-(methylene)-1,3-propanediol (MPD) and enables 

improved handling. Furthermore, the compound can be synthesized on a multi gram-scale. 

The purification can be done by fractional distillation with good yields, high purity and low 
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costs. The detailed NMR analysis of this compound can be found in the Supporting 

Information (SI-Figure 1, SI-Figure 2) 

 

Scheme 2: Synthesis of bifunctional MBE. 

Synthesis of monofunctional MBE 

For controlled binding of MBE to cholesterol, one hydroxyl group had to be selectively 

protected to prevent double binding of cholesterol. Furthermore, it was important that the 

protective group could be easily cleaved again after the reaction in order to be able to use 

the initiator for the AROP. For this reason, 3,4-dihydropyran (DHP) was used as the 

protecting group to synthesize THP-MBE (Scheme 3). After purification by column 

chromatography, the mono-protected product was obtained with a yield of 30-40 %. The 

double-protected product can be recovered by acid cleavage back to the starting compound 

MBE. 

 

Scheme 3: Synthesis of monofunctional MBE. 

Synthesis of cholesteryl-MBE-THP and cholesteryl-MBE-OH initiator 

To attach cholesterol to MBE, the hydroxyl group was tosylated according to a synthesis 

route known in the literature.23 Tosylation of hydroxyl-functionalized substrates is an 

important transformation to activate hydroxyl groups, thus yielding substrates for further 

nucleophilic substitution. Subsequently, the nucleophilic substitution reaction of cholesteryl 

tosylate with MBE was carried out (Scheme 4). After purification of the resulting product 

and analysis by NMR spectroscopy, it became clear that the product did not correspond to 

the cholesteryl-MBE-THP, but that elimination at the cholesterol had occurred (Figure 1). A 

comparison with the literature confirmed this common side reaction.24 
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Scheme 4: Elimination reaction of the cholesteryl tosylate. 

 

Figure 1: 1H NMR spectrum (300 MHz, chloroform-d) of the elimination reaction of 

cholesteryl tosylate. 

To prevent elimination at the cholesterol, the THP-MBE was transferred to the tosylate in 

place of the cholesterol. Afterwards, the substitution reaction of cholesterol and THP-MBE-

Ts was repeated with adjusted conditions (Scheme 5). For better separation of the product 

from cholesterol, which was used in slight excess, the THP protecting group was removed 

by acid cleavage. Subsequently, the product cholesteryl-MBE-OH initiator was purified by 

column chromatography in good yields. 



2 PH-RESPONSIVE POLYETHER LIPIDS 

111 
 

 

Scheme 5: Synthesis route of Chol-MBE-THP with subsequent deprotection to Chol-

MBE-OH initiator. 

The cholesteryl-MBE-OH initiator was analyzed by NMR spectroscopy (Figure 2). All 

signals could be unambiguously assigned, and the number of protons determined by 

integration of the signals agree with those of the molecule. 

 

Figure 2: 1H NMR spectrum (400 MHz, chloroform-d) of the initiator Chol-MBE-OH. 
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2.1.3.2 Polymer synthesis and characterization 

In this work all presented polymers were synthesized via anionic ring-opening 

polymerization (AROP) of ethylene oxide (EO). This method is commonly used to generate 

FDA-approved PEGs.1 Two polymers with different molecular weights were synthesized 

with the initiator Chol-MBE-OH to demonstrate the excellent control over the molecular 

weights. Furthermore, polymers without a cleavage site with cholesterol as initiator were 

prepared as comparative structures with similar molecular weights. 

Cholesterol-initiated PEG 

For the synthesis of cholesterol-initiated PEG polymers as comparative structures, the 

cholesterol was deprotonated with potassium tert-butoxide with a degree of deprotonation 

of 90 %. The polymerization with EO was performed in THF at 60 °C for 48 hours. Full 

monomer conversion was determined via 1H NMR spectroscopy. The synthesis route of the 

polymerization of Chol-PEG polymers is shown in Scheme 6. 

 

Scheme 6: Synthesis route of the Chol-PEG polymers. 

The key characterization data of the Chol-PEG polymers are summarized in Table 1. The 

targeted degree of polymerization is in good agreement with the determined values for 

obtained PEGs. The molecular weight (Mn) was obtained from SEC in DMF using PEG 

standards with narrow size distributions (Ð < 1.10). The corresponding SEC traces are 

shown in Figure 3. 

  



2 PH-RESPONSIVE POLYETHER LIPIDS 

113 
 

Table 1: Characterization data of the Chol-PEG polymers. 

Composition a 
Mn theo  

g·mol-1 

Mn NMR a 

g·mol-1 

Mn SEC b 

g·mol-1 
Ð b 

Chol-PEG78 4000 3820 2790 1.06 

Chol-PEG134 6000 6280 3830 1.10 

a Obtained from 1H NMR spectroscopy. b Determined via SEC (RI, DMF, PEG standards). 

 

 

Figure 3: SEC traces (RI detector, DMF, PEG standards) of the Chol-PEG polymers. 

The molecular weights from 1H NMR spectroscopy were determined via integration of the 

methyl signals of the cholesterol (signal n) and are in good agreement with the molecular 

weights measured from SEC. For more details, NMR spectra are shown in SI-Figure 11. 

To determine the end-groups of the cholesterol-initiated PEGs, MALDI-ToF mass 

spectrometry was performed. The full spectra and a zoom-in of the polymer Chol-PEG78 are 

depicted in Figure 4. The spectrum of Chol-PEG134 is shown in the Supporting Information 

(SI-Figure 30). The obtained mass spectra show PEG chains exclusively initiated by 

cholesterol and underlined the formation of well-defined polymers. The mass spectra 

demonstrate the formation of polymers with the absence of side reactions. 
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Figure 4: MALDI-ToF MS spectrum of Chol-PEG78 (left) and the zoom-in spectrum (right). 

Chol-MBE-OH initiated PEG 

The synthesis route of PEG with the initiator Chol-MBE-OH is shown in Scheme 7. As 

previously described for the polymerization of Chol-PEG, a deprotonation of the Chol-MBE-

OH initiator of 90 % was achieved with potassium tert-butoxide. The polymerization of EO 

was carried out in THF at 50 °C for 48 hours. 

 

Scheme 7: Synthesis route of Chol-MBE-PEG. 
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The key characterization data of the Chol-MBE-PEG polymers is shown in Table 2. The 

targeted degree of polymerization deviates from the values obtained. In both cases, the 

molecular weights are higher than the targeted ones. The reason for this could be, for 

example, the change in temperature at which the EO was condensed into the ampule. The 

density of EO is strongly temperature dependent. Furthermore, only smaller amounts of EO 

were used for the approaches. This means that an error in the amount of EO can have a 

greater effect on the molecular weight. Both polymers were prepared at the same time with 

the same set-up. It is therefore likely that one or more of the above-mentioned sources of 

error occurred. The molecular weight (Mn) was obtained from SEC in DMF using PEG 

standards with narrow size distributions (Ð < 1.11). The polymer with the higher molecular 

weight exhibits slight tailing at higher molecular weights. However, this proportion is small 

and changes the size distribution only minimally. The corresponding SEC traces are shown 

in Figure 5.  

Table 2: Characterization data of the Chol-MBE-PEG polymers. 

Composition a 
Mn theo  

g·mol-1 

Mn NMR a 

g·mol-1 

Mn SEC b 

g·mol-1 
Ð b 

Chol-MBE-PEG105 4000 5160 4010 1.07 

Chol-MBE-PEG167 6000 7880 6490 1.11 

a Obtained from 1H NMR spectroscopy. b Determined via SEC (RI, DMF, PEG standards). 

 

 

Figure 5: SEC traces (RI detector, DMF, PEG standards) of the Chol-MBE-PEG polymers. 
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As described previously for the Chol-PEG polymers, the molecular weights from 1H NMR 

spectroscopy were determined via integration of the methyl signals of the cholesterol (signal 

n) and are also in good agreement with the molecular weights measured from SEC. The 1H 

NMR spectrum is shown in Figure 6. During the analysis of the spectrum, it was found that 

the polymer was already partially isomerized (about 60–80 %) under the conditions of the 

AROP. The signals of the vinyl ether group after isomerization are shown in blue (signal a 

and b). 

The isomerization of the allyl ether group to the vinyl ether group has been studied in 

various publications.22,25,26 One possibility of isomerization is the use of the base potassium 

tert-butoxide in polar solvents at 60-80 °C. The influence of the solvent on isomerization is 

important. Complete isomerization is only possible in DMSO due to the formation of a 

complex of the potassium tert-butoxide and the proton of the allyl ether group. In other 

solvents, the catalyst is less soluble or the hydrogen bond to the alcohol decreases.26 For this 

reason, complete isomerization cannot take place in THF. 

 

Figure 6: 1H NMR spectrum (400 MHz, chloroform-d) of the Chol-MBE-PEG and Chol-

isoMBE-PEG polymers. Characteristic signals of Chol-MBE-PEG are assigned in red, 

signals of Chol-isoMBE-PEG are assigned in blue. 
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In Figure 7 the MALDI-ToF mass spectrometry of Chol-MBE-PEG105 and a zoom-in is 

shown to determine the end-groups. The spectrum of Chol-MBE-PEG167 is shown in the 

Supporting Information (SI-Figure 32). The main distribution corresponds to polymer 

initiated by Chol-MBE-OH. However, upon closer inspection, a second species can be 

detected. This corresponds to cholesterol-initiated PEG. When purifying the initiator, no 

traces of cholesterol could be detected in the NMR spectra and by thin-layer 

chromatography. However, the detection limit by NMR spectroscopy is higher and can 

falsify the result at small concentrations of impurities. However, the amount of cholesterol-

initiated polymer is less than 5 %. The same initiator was used to prepare both polymers 

with different molecular weights, which is why cholesterol-initiated PEGs can be detected 

in both MALDI-ToF MS spectra. 

 

Figure 7: MALDI-ToF MS spectrum of Chol-MBE-PEG105 (left) and the zoom-in spectrum 

(right). 

Isomerization of Chol-MBE-PEG to Chol-isoMBE-PEG 

In order to obtain complete isomerization of the polymers, the polymers were dissolved in 

DMSO and heated with potassium tert-butoxide for 12 hours. The synthesis route of the 

isomerization is shown in Scheme 8.  
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Scheme 8: Synthesis route of the isomerization of Chol-MBE-PEG to Chol-isoMBE-PEG. 

The amount of base and the temperature were varied to study the influence of both. The 

temperature (60 °C or 80 °C) had no significant effect on the isomerization. For the amount 

of base, 1.5, 2 and 4 equivalents were tested. With 1.5 eq. no complete isomerization could 

be obtained, whereas with the amount of 4 eq. a side reaction occurred. More details about 

the side reaction are in the Supporting Information (SI-Figure 28). Complete isomerization 

with 2 eq. base without side products could be obtained via 1H NMR spectroscopy. The 1H 

NMR spectrum of Chol-isoMBE-PEG167 is shown in Figure 8 as a representative example. 

For the proton at position b, two signals are obtained in the 1H NMR spectrum due to E/Z-

isomerization. Due to the transition state during isomerization, the Z-isomer is formed 

preferentially. 

 

Figure 8: 1H NMR spectrum (400 MHz, benzene-d6) of the Chol-isoMBE-PEG polymer. 
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In order to exclude a cleavage or change of the polymer due to the isomerization, SEC 

measurements were performed in addition to the NMR spectra (Figure 9). The dashed curves 

correspond to the polymers before isomerization, the continuous curves after isomerization. 

The curves are congruent. Degradation or cleavage of the product could not be detected, 

neither by NMR spectroscopy nor SEC measurements. 

 

 

Figure 9: SEC traces (RI detector, DMF, PEG standards) of the Chol-MBE-PEG polymers 

(dashed) and Chol-isoMBE-PEG polymers (continuous). 

Post-polymerization modification 

There are several ways to transport a drug in the body. One possibility is the use of 

nanomaterials, such as micelles, liposomes, polymersomes or amphiphilic polymer lipids. In 

this particular case, the drug can be covalently bound to the polymers or entrapped due to 

other interactions. There are different approaches for covalent binding. For this purpose, 

the polymers are post-modified after polymerization. The active ingredients are usually also 

given specific groups for targeted binding to the polymers. Established systems for binding 

are click reactions, such as the thiol-ene click or the azide-alkyne click but also the use of 

Diels-Alder reactions or the formation of reactive esters.16,27–30 

In this work, the polymers were modified with an alkyne group according to an established 

synthesis procedure that has been used many times in our group.2,31,32 To attach alkyne 
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moieties, the amphiphilic polymer lipids were deprotonated using sodium hydride (NaH) 

and functionalized with propargyl bromide. Both polymers, the Chol-PEG polymer and the 

Chol-isoMBE-PEG polymer were modified. The successful functionalization was proven via 

NMR spectroscopy. The synthesis route for the post-polymerization modification for the 

Chol-PEG polymer and the Chol-isoMBE-PEG polymer is shown in Scheme 9. 

 

Scheme 9: Synthesis route of the post-polymerization modification of Chol-PEG (top) and 

Chol-isoMBE-PEG (bottom) with propargyl bromide. 

Details about the NMR spectra, the SEC data and the MALDI-ToF MS spectra of the 

reference structure Chol-PEG-alkyne can be found in the Supporting Information (SI-Figure 

26, SI-Figure 29, SI-Figure 31). 

In Figure 10 the 1H NMR spectra of Chol-isoMBE-PEG before and after functionalization is 

shown. The characteristic signals for the protons of the alkyne moieties are highlighted in 

blue.  
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Figure 10: 1H NMR spectra (400 MHz, benzene-d6) of the Chol-isoMBE-PEG polymer before 

(top) and after (bottom) the post-polymerization modification with propargyl bromide. 

SEC measurements showed no changes in the polymers before and after functionalization. 

The SEC data of Chol-isoMBE-PEG and Chol-isoMBE-PEG-alkyne can be taken from the 

following Figure 11. 

 

Figure 11: SEC traces (RI detector, DMF, PEG standards) of the Chol-isoMBE-PEG polymer 

before (blue) and after (green) post-modification with propargyl bromide. 

Using MALDI-ToF MS spectra, complete functionalization using propargyl bromide was 

additionally confirmed. The spectrum of Chol-isoMBE-PEG105-alkyne as well as the zoom-

in spectrum are shown in Figure 12. 
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Figure 12: MALDI-ToF MS spectrum of Chol-isoMBE-PEG105-alkyne (left) and the zoom-in 

spectrum (right). 

Degradation Studies of the Chol-isoMBE-PEG polymers 

To obtain more detailed information about the degradation products of the amphiphilic 

polymer lipids, they were incubated at acidic pH value. For this purpose, the Chol-isoMBE-

PEG polymer (5 mg) was dissolved in a dilute hydrochloric acid solution (1 mL) and treated 

for 24 hours with continuous shaking. The pH value was chosen low enough to ensure 

complete cleavage of all polymers. After 24 hours, the aqueous polymer solution was filtered 

over basic aluminum oxide to neutralize it and dried in high vacuum. Finally, the hydrolysis 

fragments were analyzed by SEC. Figure 13 shows the SEC traces of the polymer before and 

after hydrolysis. The hydrolysis products of acidic cleavage are shown in Scheme 10. 

 

Scheme 10: Products of the acidic hydrolysis. 
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Figure 13: SEC traces (RI detector, DMF, PEG standards) of the Chol-MBE-PEG polymer 

(dashed), the Chol-isoMBE-PEG polymer (continuous) and the fragments after acidic 

hydrolysis (green). 

For the analysis of the fragments by SEC measurement, the polymer solution was 

neutralized and the solvent removed. The hydrolysis products were then added to the SEC 

column as a mixture without purification. As expected, two compounds could be detected. 

One compound with a molecular weight of about 3200 g/mol, the other with a molecular 

weight of about 500 g/mol. These molecular weights correspond quite closely to the 

hydrolysis products. A shift to lower molecular weights in the higher molecular range 

additionally confirms the cleavage of the hydrophobic initiator from the PEG backbone. 

2.1.4 Conclusion 

In this work, the synthesis of a new class of acid-cleavable cholesterol-based polyether lipids 

was presented. Here, a cholesterol-based initiator was first prepared via a multistep 

synthesis procedure, which was then used in an anionic ring-opening polymerization 

(AROP) with ethylene oxide (EO) to produce amphiphilic polyether lipids. To allow cleavage 

at pH values in the acidic range, the allyl position between the hydrophobic cholesterol 

anchor and the hydrophilic polyether moiety was isomerized to obtain a vinyl ether 

structure. Comparative structures without a cleavage site were also prepared. All polymers 

were analyzed and characterized by NMR spectroscopy, Size Exclusion chromatography 

(SEC) and Matrix Assisted Laser Desorption Ionization-Time of Flight Mass spectrometry 



2 PH-RESPONSIVE POLYETHER LIPIDS 

124 
 

(MALDI-ToF MS). Polymers with narrow molecular weight distributions were obtained 

(Ð < 1.11). Furthermore, SEC cleavage studies were performed to obtain information about 

the fragments after cleavage. To enable further functionalization, for example with an active 

ingredient, an antibody or even a dye, the polymers were post-modified using propargyl 

bromide. This allows further reaction using Cu(I)-catalyzed alkyne-azide cycloaddition 

(CuAAC). 
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2.1.6 Supporting Information 

2.1.6.1 Initiator synthesis 

Synthesis of bifunctional MBE 

 

SI-Figure 1: 1H NMR spectrum (300 MHz, chloroform-d) of MBE. 

 

SI-Figure 2: 13C NMR spectrum (75 MHz, chloroform-d) of MBE. 
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Synthesis of monofunctional THP-MBE-OH 

 

SI-Figure 3: 1H NMR spectrum (300 MHz, DMSO-d6) of THP-MBE-OH. 

 

SI-Figure 4: 13C NMR spectrum (75 MHz, DMSO-d6) of THP-MBE-OH. 
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Synthesis of THP-MBE-Ts 

 

SI-Figure 5: 1H NMR spectrum (300 MHz, DMSO-d6) of THP-MBE-Ts. 

 

SI-Figure 6: 13C NMR spectrum (75 MHz, DMSO-d6) of THP-MBE-Ts. 
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Synthesis of cholesteryl-MBE-THP 

 

SI-Figure 7: 1H NMR spectrum (300 MHz, chloroform-d) of cholesteryl-MBE-THP. 

 

SI-Figure 8: 13C NMR spectrum (75 MHz, chloroform-d) of cholesteryl-MBE-THP. 
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Synthesis of the initiator Chol-MBE-OH 

 

 

SI-Figure 9: 1H NMR spectrum (300 MHz, chloroform-d) of Chol-MBE-OH. 

 

SI-Figure 10: 13C NMR spectrum (75 MHz, chloroform-d) of Chol-MBE-OH. 
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2.1.6.2 Polymer synthesis 

Synthesis of Chol-PEG 

 

SI-Figure 11: 1H NMR spectrum (300 MHz, benzene-d6) of Chol-PEG. 

 

SI-Figure 12: 13C NMR spectrum (75 MHz, chloroform-d) of Chol-PEG. 
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SI-Figure 13: 1H, 1H COSY NMR spectrum (300 MHz, chloroform-d) of Chol-PEG. 

 

SI-Figure 14: 1H, 13C HSQC NMR spectrum (300 MHz, chloroform-d) of Chol-PEG. 
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SI-Figure 15: 1H, 13C HMBC NMR spectrum (300 MHz, chloroform-d) of Chol-PEG. 

Synthesis of Chol-MBE-PEG 

 

SI-Figure 16: 1H NMR spectrum (300 MHz, methylene chloride-d2) of Chol-MBE-PEG. 
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SI-Figure 17: 13C NMR spectrum (75 MHz, methylene chloride-d2) of Chol-MBE-PEG. 

 

SI-Figure 18: 1H, 1H COSY NMR spectrum (300 MHz, methylene chloride-d2) of Chol-MBE-

PEG. 
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SI-Figure 19: 1H, 13C HSQC NMR spectrum (300 MHz, methylene chloride-d2) of Chol-MBE-

PEG. 

 

SI-Figure 20: 1H, 13C HMBC NMR spectrum (300 MHz, methylene chloride-d2) of Chol-

MBE-PEG. 



2 PH-RESPONSIVE POLYETHER LIPIDS 

139 
 

Isomerization of Chol-MBE-PEG to Chol-isoMBE-PEG 

 

SI-Figure 21: 1H NMR spectrum (300 MHz, benzene-d6) of Chol-isoMBE-PEG. 

 

SI-Figure 22: 13C NMR spectrum (75 MHz, benzene-d6) of Chol-isoMBE-PEG. 
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SI-Figure 23: 1H, 1H COSY NMR spectrum (300 MHz, benzene-d6) of Chol-isoMBE-PEG. 

 

 

SI-Figure 24: 1H, 13C HSQC NMR spectrum (300 MHz, benzene-d6) of Chol-isoMBE-PEG. 
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SI-Figure 25: 1H, 13C HMBC NMR spectrum (300 MHz, benzene-d6) of Chol-isoMBE-PEG. 

Post-polymerization modification 

 

SI-Figure 26: 1H NMR spectrum (400 MHz, benzene-d6) of Chol-PEG-alkyne. 
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SI-Figure 27: 1H NMR spectrum (400 MHz, benzene-d6) of Chol-isoMBE-PEG-alkyne. 

 

SI-Figure 28: 1H NMR spectrum (300 MHz, DMSO-d6) of the side reaction during the 

isomerization with 4 eq. KOtBu. 
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SI-Figure 29: SEC traces (RI detector, DMF, PEG standards) of the Chol-PEG polymer before 

(blue) and after (green) post-modification with propargyl bromide. 

 

 

SI-Figure 30: MALDI-ToF MS spectrum of Chol-PEG134 (left) and the zoom-in spectrum 

(right). 
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SI-Figure 31: MALDI-ToF MS spectrum of Chol-PEG134-alkyne (left) and the zoom-in 

spectrum (right). 

 

SI-Figure 32: MALDI-ToF MS spectrum of Chol-MBE-PEG167 (left) and the zoom-in 

spectrum (right). 
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SI-Figure 33: MALDI-ToF MS spectrum of Chol-isoMBE-PEG167-alkyne (left) and the zoom-

in spectrum (right). 
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Abstract 

Targeted drug delivery is playing an increasingly important role in the treatment of many 

diseases. The key objective in this context is to maximize efficacy and minimize unwanted 

side effects. A promising approach is the use of “stealth” liposomes with PEG-lipids in their 

membrane as a potent drug delivery system for cancer therapy. Besides the stealth effect, 

polyether-based lipids offer a promising opportunity to change the pharmacokinetic profile. 

In this work, we present the synthesis of a pH-responsive polyether lipid comprising a pH-

sensitive vinyl ether cleavage site. To prepare the cleavable PEG-lipids, a modified 

bishexadecyl glycerol is used as an initiator for the anionic ring-opening polymerization 

(AROP) with ethylene oxide (EO) to obtain well-defined amphiphilic polymer structures. 

The subsequent transformation of the allyl group into a pH-responsive vinyl ether group 

was achieved by isomerization. To allow post-modification via Cu(I)-catalyzed alkyne-azide 

cycloaddition (CuAAC) with a dye label, a small molecule, a drug or a radioisotope, the 

polymer was equipped with alkyne moieties. Subsequently, the PEG-lipids were used to 

prepare liposomes. Toxicity could be excluded by MTT assays. The findings demonstrate 

the potential of these functionalizable, pH-responsive PEG-lipids for the use in liposomes. 
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2.2.1 Introduction 

Targeted drug delivery has become increasingly important in recent years.1 It has long been 

recognized that there is a tremendous need to deliver especially highly toxic drugs to a 

specific site without affecting healthy organs, tissues and cells.2 For this reason, various 

strategies have been developed to optimize the targeted drug delivery. One attractive option, 

for example, is the use of nanocarriers, such as liposomes. 

Liposomes are artificial vesicles with a spherical shape composed of cholesterol and natural 

phospholipids.3 Due to the amphiphilic character of lipids, they can transport both water-

soluble and water-insoluble drugs. Furthermore, they are characterized by their good 

biocompatibility, biodegradability and low toxicity, which makes them ideal drug delivery 

systems.4 Compared to other nanocarrier, liposome have one significant disadvantage: their 

short blood circulation time.5 Due to their size, they are quickly recognized by the body's 

defense systems.6 This leads to rapid uptake by the cells of the reticuloendothelial system 

(RES), which are mainly located in the liver and spleen, and significantly shortens the blood 

circulation time.7 However, blood circulation time can be increased multiple times by using 

so called "stealth liposomes".8 In these liposomes, the surface is modified by attaching 

poly(ethylene glycol) (PEG) chains. PEGylated lipids are used for the modification, which 

are integrated into the lipid bilayer.9 The modified surface properties prevent rapid uptake 

and thus significantly increase the circulation time in the blood compared to conventional 

liposomes.10–12 

PEG not only plays a significant role in stealth liposomes, it is in general the gold standard 

in polymers for biomedical and therapeutic applications. This is due to its exceptional 

properties, such as good water solubility, biocompatibility and low toxicity.11,13 Polyether-

based polymer lipids can not only be used in stealth liposomes, but are also suitable as drug 

delivery systems for small molecules. A central objective is the incorporation of pH-

cleavable building blocks into PEG and its conjugates to facilitate the release of the drug in 

a target manner.14 These approaches are based on the lower pH values for endosomal and 

lysosomal cell compartments, but also for the microenvironment of various tumor cell lines 

and inflammatory tissue.15 In liposomal research, pH-responsive PEG lipids generate 

increasing attention. By separating the PEG chains of the stealth liposomes in the target 
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tissue, the efficacy of the respective drug carriers can be improved.16,17 While the PEG 

stealth layer can increase circulation time in the blood, it can also, conversely, hinder 

cellular uptake of liposomes and drug release.18–20 The use of pH-cleavable PEG chains can 

circumvent the drawbacks of PEG in liposomes. There are various approaches to 

incorporate acid-cleavable moieties into pH-responsive liposomes. These include 

hydrazones,17,21–23 orthoesters,23–25 acetals,26 vinyl ethers27,28 and cyclic ketals.29 The 

existing strategies are mostly based on the chemical modification of commercially available 

methoxy PEG (mPEG). However, the disadvantage of this system is its low functionality, 

which excludes attaching further functional structures, such as dye labels or radioactive 

tracers. 

In this work, we present the synthesis of a pH-responsive polyether lipid, which is 

subsequently used for the preparation of liposomes. Among the many possibilities to 

integrate a cleavage site into the PEG backbone, vinyl ethers represent the most promising 

group. They are characterized by rapid hydrolysis at pH values around 5, but have excellent 

stability at pH 7.4, as well as under dry storage conditions.30–32 Many polymer lipids 

comprise cholesterol as a component. In this work, a dialkyl anchor is used as the 

hydrophobic moiety. In contrast to cholesterol, dialkyl glyceryl lipids with a chain of 18-20 

methylene units show increased stability in liposomes, matching the typical chain length in 

biological membranes.33 In the first synthesis steps, the hydrophobic dialkyl anchor was 

combined with a protected allyl ether alcohol. After deprotection, it was used as an initiator 

for the anionic ring-opening polymerization (AROP) of ethylene oxide (EO) to form the 

hydrophilic PEG moiety. To obtain the pH-labile vinyl ether structure, the allyl group of the 

polymer was converted to the vinyl function by isomerization. To allow further 

functionalization with, for example, a dye, a radioactive label or a ligand via Cu(I)-catalyzed 

alkyne-azide cycloaddition (CuAAC) the polymer was provided with an alkyne function. 

The pH-responsive PEG-lipid was then used for liposome preparation by dual centrifugation 

(DC). Dual centrifugation is a special centrifugation technique in which efficient mixing 

results from the high shear forces applied to the sample. Compared to other preparation 

methods, DC is characterized by a narrow size distribution of the liposomal vesicles.34 MTT 
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assays were used to exclude toxicity of the liposomes. Scheme 1 shows an overview of the 

synthesis steps.  

 

Scheme 1: Overview of the synthesis steps for the pH-responsive polyether lipid. 

2.2.2 Experimental part 

Terminology 

The allyl ether based diol is designated 2,2'-((2-methylenepropane-1,3-

diyl)bis(oxy))bis(ethan-1-ol) (MBE) and after protection of one hydroxyl group with 3,4-

dihydropyran (DHP) it is named 2-((2-((2-((tetrahydro-2H-pyran-2-

yl)oxy)ethoxy)methyl)allyl)oxy)ethan-1-ol (THP-MBE). The protected MBE was 

transformed in the tosylated product with the synonym 2-((2-((2-((tetrahydro-2H-pyran-2-

yl)oxy)ethoxy)methyl)allyl)oxy)ethyl 4-methylbenzenesulfonate (THP-MBE-Ts). The 

hydrophobic anchor 1,2-bis-n-hexadecyl glyceryl ether (BisHD-OH) was synthesized 

according to literature.35 The reaction of BisHD-OH with THP-MBE-Ts leads to BisHD-
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MBE-THP and after cleavage of the protecting group under acidic conditions to the initiator 

BisHD-MBE-OH. The amphiphilic polymer lipid based on the initiator is called BisHD- 

MBE-Poly(ethylene glycol) (BisHD-MBE-PEG) and after the isomerization BisHD-isoMBE-

Poly(ethylene glycol) (BisHD-isoMBE-PEG). The comparison structures without cleavage 

site are called BisHD-Poly(ethylene glycol) (BisHD-PEG). 

Instrumentation 

1H NMR (300 MHz), 13C NMR (75 MHz) and 2D spectra were recorded on a Bruker Avance 

III HD 300 (5 mm BBFO-Probe with z-Gradient and ATM). 1H NMR (400 MHz), 13C NMR 

(101 MHz) and 2D spectra were measured on a Bruker Avance II 400 MHz (5 mm BBFO-

Probe Z-gradient and ATM, SampleXPress 60 auto sampler). The chemical shifts were 

internally referred to residual proton signals of the deuterated solvent. 

Size exclusion chromatography (SEC) was performed at 50 °C in N,N-dimethylformamide 

(with 1 g/L lithium bromide added) as eluent on an Agilent 1,100 Series equipped with 

Polymer Standards Service (PSS) HEMA columns with 300/100/40 Å porosity and a RI 

detector. The determination of the molecular weights was determined by a calibration with 

poly(ethylene glycol) standards by PSS. 

MALDI-ToF measurements were performed on a Shimadzu Axima CFR MALDI-ToF or a 

Bruker Rapiflex. Samples were prepared with trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) as a matrix and potassium trifluoroacetate as a 

cationization agent. 

Cell viability studies (MTT assays) were measured using a Spark 10M plate reader from the 

Tecan group. 

Materials 

All solvents and reagents were purchased generally from the suppliers Acros Organics, 

Tokyo Chemical Industry (TCI), Sigma-Aldrich, Fluka, Fisher Scientific, Alfa Aesar and 

were used as received unless otherwise stated. Deuterated solvents were purchased from 

Deutero GmbH. Dialysis membranes (regenerated cellulose, MWCO = 1000 g/mol) were 

purchased from Orange Scientific. HeLa and HEK293 cell lines were purchased from DSMZ. 
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Synthesis procedure  

Synthesis of 2,2'-((2-methylenepropane-1,3-diyl)bis(oxy))bis(ethan-1-ol) (MBE) 

The synthesis of MBE was carried out in a slightly modified form according to literature.36  

Ethylene glycol (200 mL) was slowly added under argon atmosphere to a suspension of 

sodium hydride (10.08 g, 0.42 mol, 2.1 eq.) in dry THF (200 mL). The resulting mixture was 

stirred at room temperature for 30 minutes. Subsequently, 3-chloro-2-(chloromethyl)prop-

1-ene (25.00 g, 0.20 mol, 1 eq.) 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.=130 °C, 0.001 mbar) as a colorless oil 

(yield: 11.06 g, 0.06 mol, 30 %). 

1H NMR (300 MHz, chloroform-d) δ [ppm] = 5.20 (s, 2H, H2C=C), 4.08 (s, 4H, CH2OH), 3.76 

– 3.70 (m, 4H, H2C=(C-CH2O)2), 3.59 – 3.51 (m, 4H, CH2O). 

13C NMR (75 MHz, chloroform-d) δ [ppm] = 142.41 (1C, H2C=C), 115.94 (1C, H2C=C), 72.31 

(2C, H2C=(C-CH2O)2), 71.63 (2C, CH2-O-CH2), 61.83 (2C, CH2OH). 

Synthesis of 2-((2-((2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)methyl)allyl)oxy)ethan-1-ol 

(THP-MBE) 

MBE (6.90 g, 39.18 mmol, 5.90 mL, 1 eq.) was dissolved in dichloromethane (80 mL), the 

solution was cooled to 0 °C and pyridinium p-toluenesulfonate (PPTS) (1.97 g, 7.84 mmol, 

0.2 eq.) was added to the cooled solution. Subsequently, 3,4-dihydropyran (DHP) (3.30 g, 

39.18 mmol, 3.58 mL, 1 eq.) was slowly added via syringe. After 1.5 hours the cooling 

mixture was removed and the reaction mixture was stirred for 3 hours at room temperature. 

To the solution saturated NaHCO3 was added, and the product was extracted from the 

aqueous solution with dichloromethane (3 x 20 mL). The organic layer was dried and 

evaporated under reduced pressure. The monofunctional product and bifunctional product 

were separated via column chromatography (ethyl acetate/cyclohexane 3:1, Rf 

(mono) = 0.43, Rf (bi) = 0.81). The monofunctional product THP-MBE was obtained as a 

colorless oil (yield: 3.28 g, 12.60 mmol, 32 %). 
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1H NMR (300 MHz, DMSO-d6) δ [ppm] = 5.18 – 5.07 (m, J = 1.1 Hz, 2H, H2C=C), 4.64 – 4.53 

(m, 2H, O-CH-O, -OH), 3.99 – 3.87 (m, 4H, H2C=(C-CH2O)2), 3.80 – 3.64 (m, 2H, O-CH-O-

CH2), 3.57 – 3.29 (m, 8H, O-CH2-CH2-O), 1.80 – 1.33 (m, 6H, CH2-CH2-CH2). 

13C NMR (75 MHz, DMSO-d6) δ [ppm] = 143.29 (1C, H2C=C), 112.53 (1C, H2C=C), 97.94 

(1C, O-CH-O), 71.60 (1C, O-CH-O-CH2), 70.73 (2C, H2C=(C-CH2O)2), 68.94 (1C, O-CH2-

CH2-OH), 65.95 (1C, O-CH2-CH2-O), 61.12 (1C, O-CH2-CH2-OH), 60.19 (1C, O-CH-O-CH2), 

30.21 (1C, O-CH2-CH2-CH2-CH2), 25.03 (1C, O-CH2-CH2-CH2-CH2), 19.05 (1C, O-CH2-

CH2-CH2-CH2). 

Synthesis of 2-((2-((2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)methyl)allyl)oxy)ethyl 4-

methylbenzenesulfonate (THP-MBE-Ts) 

The synthesis of THP-MBE-Ts was carried out in a modified form according to literature.37 

Under argon atmosphere THP-MBE (5.16 g, 19.82 mmol, 1 eq.) and triethylamine (5 mL) 

were dissolved in dichloromethane (15 mL), the solution was cooled to 0 °C and p-

toluenesulfonic acid chloride (3.78 g, 19.82 mmol, 1 eq.) was added. The mixture was stirred 

on ice for 20 hours. The solvent was removed under reduced pressure, the residue floated 

in diethyl ether and filtered off. The diethyl ether was removed, and the crude product was 

obtained as an orange liquid. The crude product was purified using column chromatography 

(cyclohexane/ethyl acetate 4:1) and the product was obtained as a viscous, colorless liquid 

(yield: 5.34 g, 12.88 mmol, 65 %). 

1H NMR (300 MHz, DMSO-d6) δ [ppm] = 7.79 (d, J = 8.3 Hz, 2H, Haromat), 7.48 (d, 2H, J = 

8.0 Hz, Haromat), 5.08 (d, 2H, J = 16.9 Hz, H2C=C), 4.58 (s, 1H, O-CH-O), 4.21 – 4.08 (m, 2H, 

CH2-Ts), 3.88 (d, J = 4.4 Hz, 4H, H2C=(C-CH2O)2), 3.72 (q, J = 12.5, 11.9 Hz, 2H, O-CH-O-

CH2), 3.58 – 3.36 (m, 6H, O-CH2-CH2-O, O-CH2-CH2-Ts), 2.43 (s, 3H, CH3), 1.81 – 1.42 (m, 

6H, CH2-CH2-CH2). 

13C NMR (75 MHz, DMSO-d6) δ [ppm] = 145.38 (1C, SO3-C), 143.15 (1C, H2C=C), 132.89 

(1C, Caromat), 130.61 (1C, Caromat), 128.07 (1C, Caromat), 113.41 (1C, H2C=C), 98.42 (1C, O-CH-

O), 71.03 (1C, O-CH-O-CH2), 70.42 (2C, H2C=(C-CH2O)2), 69.40 (1C, O-CH2-CH2-Ts), 67.53 

(1C, O-CH2-CH2-O), 66.40 (1C, O-CH2-CH2-Ts), 61.60 (1C, O-CH-O-CH2), 30.67 (1C, O-
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CH2-CH2-CH2-CH2), 25.48 (1C, O-CH2-CH2-CH2-CH2), 21.55 (1C, CH3), 19.51 (1C, O-CH2-

CH2-CH2-CH2). 

Synthesis of BisHD-MBE-OH  

Dry THF (30 mL) was placed in a Schlenk flask, sodium hydride (0.04 g, 1.85 mmol, 1.1 eq.) 

and BisHD-OH (1.00 g, 1.85 mmol, 1.1 eq.) were added under argon atmosphere The 

solution was stirred for 1 h until no gas evolution could be detected. The reaction mixture 

was cooled to 0 °C, and the THP-MBE-Ts (0.70 g, 1.68 mmol, 1 eq.) was added via syringe. 

The solution was then heated to 60 °C for 48 hours under reflux. After the reaction time, 

THF was removed in vacuo, the residue was dissolved in cyclohexane and the organic phase 

was extracted with a saturated NaHCO3-solution, dried over NaSO4 and the organic solvent 

was evaporated. The crude product was dissolved in methanol (30 mL) and 2 g of an acidic 

ion exchange resin (Dowex 50WX8) was added to the solution to cleave the cyclic acetal 

protecting group. The solution was stirred and heated to 50 °C overnight. Afterwards, the 

resin was removed by filtration and the solvent was removed partly in vacuo. The product 

was purified by column chromatography (cyclohexane/ethyl acetate 2:1), and the product 

was obtained as a light orange wax (yield: 0.35 g, 0.50 mmol, 30 %). 

1H NMR (300 MHz, chloroform-d) δ [ppm] = 5.24 – 5.14 (m, 2H, H2C=C), 4.05 (s, 4H, 

H2C=(C-CH2O)2), 3.77 – 3.69 (m, 2H, CH2-OH), 3.67 – 3.36 (m, 15H, (CH2-O)2-CH2-CH-

CH2-O-CH2-CH2, CH2-CH2-OH), 1.62 – 1.48 (m, 4H, CH2-CH2-O), 1.25 (s, 52H, CH2), 0.88 

(t, 6H, , J = 6.8 Hz, CH3-CH2). 

13C NMR (75 MHz, chloroform-d) δ [ppm] = 142.56 (1C, H2C=C), 114.63 (1C, H2C=C), 77.90 

(1C, O-CH2-CH-O-CH2), 71.95 – 70.65 (9C, (CH2-O)2-CH2-CH-CH2-O-CH2-CH2, CH2-CH2-

OH, H2C=(C-CH2O)2), 69.50 (1C, CH2-CH2-OH), 61.81 (1C, CH2-CH2-OH), 31.94 (1C, CH2-

CH2-CH3), 30.11 – 29.38 (22C, CH2), 26.14, 26.10 (2C, CH2-CH2-CH2O), 22.71 (2C, CH2-

CH3), 14.14 (2C, CH2-CH3). 

Synthesis of BisHD-OH initiated PEG polymers 

The polymerization of ethylene oxide (EO) using BisHD-OH as initiator was performed on 

the basis of literature procedures for other glycidyl ethers with adjusted reaction 

procedure.38,39 
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The synthesis is described for BisHD-PEG72 as a representative example.  

In a dry Schlenk flask the initiator BisHD-OH (455.00 mg, 0.84 mmol, 1 eq.) and potassium 

tert-butoxide (85.00 mg, 0.75 mmol, 0.9 eq.) 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 dry THF 

(15 mL), and the flask was cooled to -70 °C with an ethanol/nitrogen cooling bath. Ethylene 

oxide (2.91 g, 66.10 mmol, 3.00 mL, 79 eq.) was condensed via a graduated ampule into the 

flask. The reaction mixture was heated in vacuo to 60 °C for 48 hours. Subsequently, 

methanol (1 mL) was added, and the flask was flushed with argon. The resulting polymer 

BisHD-PEG72 was precipitated three times in diethyl ether and separated via centrifuge. 

The polymer was dried under reduced pressure at room temperature for 24 hours (yield: 

90 %).  

1H NMR (300 MHz, methylene chloride-d2) δ [ppm] = 3.86 – 3.33 (m, 299H, (CH2-O)2-CH2-

CH-CH2-O, polyether backbone), 1.59 – 1.45 (m, 4H, CH2-CH2-O), 1.25 (s, 52H, CH2), 0.87 

(t, 6H, , J = 6.8 Hz, CH3-CH2). 

13C NMR (75 MHz, methylene chloride-d2) δ [ppm] = 78.42 (1C, O-CH2-CH-O-CH2), 73.06, 

72.00, 71.76 – 70.77 (148C, (CH2-O)2-CH2-CH-CH2-O, polyether backbone), 62.05 (1C, CH2-

CH2-OH), 32.45 (1C, CH2-CH2-CH3), 30.27 – 29.88 (22C, CH2), 26.69, 26.65 (2C, CH2-CH2-

CH2O), 23.21 (2C, CH2-CH3), 14.42 (2C, CH2-CH3). 

Synthesis of BisHD-MBE-OH initiated PEG polymers 

The polymerization of ethylene oxide (EO) using BisHD-MBE-OH as initiator was 

performed on the basis of literature procedures for other glycidyl ethers with adjusted 

reaction procedure.38,39 

The synthesis is described for BisHD-MBE-PEG84 as a representative example.  

In a dry Schlenk flask the initiator BisHD-MBE-OH (158.00 mg, 0.23 mmol, 1 eq.) and 

potassium tert-butoxide (23.00 mg, 0.20 mmol, 0.9 eq.) 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 
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in dry THF (5 mL) and the flask was cooled to -70 °C with an ethanol/nitrogen cooling bath. 

Ethylene oxide (0.97 g, 22.00 mmol, 1.00 mL, 98 eq.) was condensed via a graduated ampule 

into the flask. The reaction mixture was heated in vacuo to 50 °C for 48 hours. Subsequently, 

methanol (1 mL) was added, and the flask was flushed with argon. The resulting polymer 

BisHD-MBE-PEG84 was precipitated three times in diethyl ether and separated via 

centrifuge. The polymer was dried under reduced pressure at room temperature for 24 hours 

(yield: 85–90 %).  

1H NMR (300 MHz, benzene-d6) δ [ppm] = 5.24 (s, 2H, H2C=C), 3.97 (s, 4H, H2C=(C-

CH2O)2), 3.74 – 3.22 (m, 344H, (CH2-O)2-CH2-CH-CH2-O-CH2-CH2, CH2-CH2-OH, 

polyether backbone), 1.69 – 1.56 (m, 4H, CH2-CH2-O), 1.32 (s, 52H, CH2), 0.91 (t, 6H, J = 

6.8 Hz, CH3-CH2). 

13C NMR (75 MHz, benzene-d6) δ [ppm] = 112.98 (1C, H2C=C), 78.76 (1C, O-CH2-CH-O-

CH2), 73.17, 72.20 (2C, H2C=(C-CH2O)2), 72.11 – 70.09 (177C, (CH2-O)2-CH2-CH-CH2-O, 

polyether backbone), 61.89 (1C, CH2-CH2-OH), 32.36 (1C, CH2-CH2-CH3), 30.38 – 29.85 

(22C, CH2), 26.75 (2C, CH2-CH2-CH2O), 23.13 (2C, CH2-CH3), 14.40 (2C, CH2-CH3). 

Isomerization of BisHD-MBE-PEG to BisHD-isoMBE-PEG 

The synthesis is described for the isomerization of BisHD-MBE-PEG84 to BisHD-isoMBE-

PEG84 as a representative example.  

BisHD-MBE-PEG84 (100.00 mg, 0.02 mmol, 1 eq.) and potassium tert-butoxide (8.00 mg, 

0.07 mmol, 3 eq.) were dissolved in dry DMSO (1 mL) in a Schlenk tube under argon 

condition. The solution was stirred and heated to 60 °C under reduced pressure overnight. 

The resulting isomerized polymer BisHD-isoMBE-PEG84 was precipitated three times in a 

mixture of diethyl ether/acetone (70:30 vol%) and separated via centrifuge. The polymer 

was dried under reduced pressure at room temperature for 24 hours (yield: 70 %). 

1H NMR (400 MHz, benzene-d6) δ [ppm] = 6.01 (s, 1H, CH3-C=CH), 3.83 (s, 2H, CH2-

CH=CH), 3.67 – 3.30 (m, 416H, (CH2-O)2-CH2-CH-CH2-O-CH2-CH2, CH2-CH2-OH, 

polyether backbone), 1.90 (s, 3H, CH3-C=CH), 1.71 – 1.51 (m, 4H, CH2-CH2-O), 1.32 (s, 52H, 

CH2), 0.91 (t, 6H, J = 6.8 Hz, CH3-CH2). 
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13C NMR (101 MHz, benzene-d6) δ [ppm] = 144.63 (1C, C=CH), 78.52 (1C, O-CH2-CH-O-

CH2), 73.25 (1C, O-CH2-CH3C=CH), 71.48 – 70.68 (177C, (CH2-O)2-CH2-CH-CH2-O, 

polyether backbone), 61.61 (1C, CH2-CH2-OH), 32.01 (1C, CH2-CH2-CH3), 30.19 – 29.85 

(22C, CH2), 26.54 (2C, CH2-CH2-CH2O), 22.84 (2C, CH2-CH3), 14.01 (2C, CH2-CH3), 11.44 

(1C, CH3-C=CH). 

Post-polymerization modification 

The functionalization of BisHD-PEG with propargyl bromide is described for BisHD-PEG72 

as a representative example. 

BisHD-PEG72 (0.39 g, 0.10 mmol, 1 eq.) was placed in a Schlenk flask and dissolved in THF 

(10 mL). The solution was cooled to 0 °C, and sodium hydride 10.30 mg, 0.43 mmol, 3 eq.) 

was added. The solution was stirred for 1 hour at 0 °C to ensure complete deprotonation. 

Subsequently, propargyl bromide (0.35 mL, 0.31 mmol, 3 eq.) (80 wt% in toluene) was added 

and the mixture was allowed to slowly reach room temperature. The solution was stirred at 

room temperature overnight. Afterwards, water (2 mL) was added, and the solvent was 

removed under reduced pressure. The crude product was precipitated three times in diethyl 

ether and separated via centrifuge. The polymer was dried under reduced pressure at room 

temperature for 24 hours (yield: 80 %). 

1H NMR (300 MHz, chloroform-d) δ [ppm] = 4.17 (d, J = 2.4 Hz, 2H, OCH2-CCH), 3.89 – 

3.32 (m, 301H, (CH2-O)2-CH2-CH-CH2-O, polyether backbone), 2.42 (t, J = 2.4 Hz, 1H, 

OCH2-CCH), 1.60 – 1.44 (m, 4H, CH2-CH2-O), 1.22 (s, 52H, CH2), 0.85 (t, 6H, J = 6.8 Hz, 

CH3-CH2). 

The functionalization of BisHD-isoMBE-PEG with propargyl bromide is described for 

BisHD-isoMBE-PEG84 as a representative example. 

BisHD-isoMBE-PEG84 (50.00 mg, 0.01 mmol, 1 eq.) was placed in a Schlenk flask and 

dissolved in THF (10 mL). The solution was cooled to 0 °C, and sodium hydride (1.00 mg, 

0.03 mmol, 3 eq.) was added. The solution was stirred for 1 hour at 0 °C to ensure complete 

deprotonation. Subsequently, propargyl bromide (10.00 L, 0.03 mmol, 3 eq.) (80 wt% in 

toluene) was added and the mixture was allowed to slowly reach room temperature. The 

solution was stirred at room temperature overnight. Afterwards, water (0.5 mL) was added, 
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and the solvent was removed under reduced pressure. The crude product was precipitated 

three times in diethyl ether and separated via centrifuge. The polymer was dried under 

reduced pressure at room temperature for 24 hours (yield: 75 %). 

1H NMR (400 MHz, benzene-d6) δ [ppm] = 6.01 (s, 1H, CH3-C=CH), 3.94 (d, J = 2.4 Hz, 2H, 

OCH2-CCH), 3.83 (s, 2H, CH2-CH=CH), 3.68 –3.30 (m, 363H, (CH2-O)2-CH2-CH-CH2-O-

CH2-CH2, CH2-CH2-OH, polyether backbone), 2.11 (t, J = 2.4 Hz, 1H, OCH2-CCH), 1.90 (t, 

J = 1.6 Hz, 3H, CH3-C=CH), 1.71 – 1.55 (m, 4H, CH2-CH2-O), 1.33 (s, 52H, CH2), 0.92 (t, 6H, 

J = 6.8 Hz, CH3-CH2). 

Cell viability studies 

Prior to the cytotoxicity tests the corresponding polymers were purified by dialysis 

(regenerated cellulose, MWCO = 1000 g/mol) in PBS buffer solution and dried via freeze-

pump technique. 

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide-based (MTT) (#M5655-

500MG, Sigma Aldrich, St. Louis, MO, USA) cell viability assay was performed to investigate 

the cell toxicity of polymer-modified liposomes on HEK293 (#ACC 305, DSMZ, 

Braunschweig, Germany) and HeLa (#ACC 57, DSMZ, Braunschweig, Germany) cell lines. 

The cells were cultivated at 37 °C and 5 vol-% CO2 in a growth medium without phenol red 

(#31966-047, Thermo Fisher Scientific, Waltham, MA, USA) containing 0.1 vol-% 

Glutamax™ supplement (#35050061, Thermo Fisher Scientific, Waltham, MA, USA), 

0.1 vol-% sodium pyruvate solution (#11360039, Thermo Fisher Scientific, Waltham, MA, 

USA), 0.1 vol-% Penicilin and Streptomycin (#15140122, Thermo Fisher Scientific, 

Waltham, MA, USA), 0.2 vol-% glucose solution (#A2494001, Thermo Fisher Scientific, 

Waltham, MA, USA) and 10 vol-% Fetal Bovine Serum (#10500064, Thermo Fisher 

Scientific, Waltham, MA, USA). 24 h before the assay started, 7.5 k HEK293 or HeLa cells 

in 200 µL medium per well were seeded in 96-weell plates (#M0812-100EA, Sigma Aldrich, 

St. Louis, MO, USA). 

For incubation, the cell culture medium was replaced with fresh medium containing 100, 

10, 1 or 0.1 mg/mL liposomes (total lipid). After 24 h incubation, 30 µL of a 5 mg/mL MTT 

solution in DPBS (#14190169, Thermo Fisher Scientific, Waltham, MA, USA) were added 
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per well and incubated for 1 h. The Medium was removed and 200 µL of a mixture 

containing (1:8, v/v) glycine buffer pH 10 (#120072500, Thermo Fisher Scientific, Waltham, 

MA, USA) and DMSO mixture (#D8418-100ML, Sigma Aldrich, St. Louis, MO, USA) were 

added per well. The 96-well plate was shaken for 15 min and final for analysis of cell 

viability, the absorbances at 595 nm and the background 670 nm were measured by using a 

plate reader (Spark 10M, Tecan Group, Männedorf, Switzerland). 

Liposome preparation 

To prepare liposomes, lipids dissolved in dichlormethane (#320269-1L, Sigma Aldrich, St. 

Louis, MO, USA) were first combined in 2.2 mL tubes (#3225, Hettich Lab Technology, 

Tuttlingen, Germany) in proportion to their mol% ratio, shown in Table 2. Afterwards, the 

solvents were removed under low pressure by using a vacuum concentrator (#5305, Thermo 

Fisher Scientific, Waltham, MA, USA) for 2 h at 45 °C. 

Then, 9.3 µL DPBS and 325 mg beads (#96035-362, Sigmund Lindner GmbH, 

Warmensteinach, Germany) were added to 5 µMol dry lipids and were incubated for 10 min 

at room temperature. For the release studies, 9.3 µL DPBS containing 50 mM 

Sulforhodamine B (341738-1G, Sigma Aldrich, St. Louis, MO, USA) was used. The mixture 

was homogenized by dual centrifugation (#3200, Hettich Lab Technology, Tuttlingen, 

Germany) for 20 min at 2500 rpm and 4 °C, followed by the addition of 77.2 µL DPBS and 

mixing twice times for 2 min at 2500 rpm and 4 °C using the dual centrifuge. 

The liposomal suspension was purified by size exclusion chromatography. For this the 

suspension was injected in a system consisting of an high-performance liquid 

chromatography (HPLC) system (#G1311A + #G1313A + #G1316A + #G1322A + #G1365A 

+ #G1364C, Agilent Technologies, Santa Clara, CA, USA) and a Bio-RAD UNO Q1 column 

(#7200001, Bio-Rad, filled with 2 mL Sephacryl S500-HR (#GE17-0613-01, Sigma Aldrich, 

St. Louis, MO, USA). The purified liposomes were automatically collected in 2.0 mL vials 

(#XC84.1, Carl Roth, Karlsruhe, Germany) by a fraction collector.  

(50 mol-% phosphatidyl choline 3 (#527600, lipoid, Ludwigsharfen, Germany), 45 mol-% 

cholesterol (#22749.233, VWR, Radnor, USA) and 5 mol-% polymer. 
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Dynamic light scattering 

To determine the physicochemical properties by dynamic light scattering (DLS) of 

liposomes, 10 µL of liposome suspension in 1 mL DPBS were measured in a folded zeta-

capillary cells (#DTS1070, Malvern Panalytical, Worcestershire, UK) with a Zetasizer 

(#Zetasizer Nano ZS, Malvern Panalytical, Worcestershire, UK). The temperature was set 

to 25 °C with a refractive index of 1.33 and a water viscosity of 0.8872. The scattering angle 

was set to 173°. 

Release studies 

The release and stability studies were performed always at 37 °C with purified liposomes 

with encapsulated sulforhodamine b dye. 100 µL liposomal suspension were incubated for 

investigation of pH-sensitivity in the equal volume of citrate buffer pH 5.4 (0.1 M disodium 

phosphate (#P030.1, Carl Roth, Karlsruhe, Germany), 0.11 M citric acid (#7624.1, Carl Roth, 

Karlsruhe, Germany) or in the same volume of DPBS for incubation studies under 

physiological pH values. Afterwards, the retention of dye was analyzed by absorbance 

measurement at 550 nm after separation via size exclusion chromatography and HPLC. 

2.2.3 Results and discussion 

There are different approaches to introduce vinyl ether structures into PEG-based polymers. 

One possibility was presented by Worm et al., who used ethylene oxide (EO) combined with 

the epoxide monomer 3,4-epoxy-1-butene (EPB) in an anionic ring-opening 

copolymerization (AROP). To convert the allyl ether groups at the chains formed into the 

pH sensitive vinyl ethers, an isomerization with Wilkinson’s catalyst was 

performed.40Despite the valuable character of this method, further investigations also 

revealed weaknesses. For example, elimination can occur as a side reaction during the 

polymerization and, especially when working with amphiphilic structures, problems were 

observed in the complete implementation of the isomerization due to aggregate formation 

of the polymer chains.  

In order to nevertheless produce cleavable polymer lipids with vinyl ether moieties, a new 

synthesis strategy was used to prepare them. In our group a new class of allyl ether based 

initiators based on 2-(methylene)-1,3-propanediol (MPD) as lead structure was introduced.41 
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In this work, these new structures were linked to a hydrophobic dialkyl anchor to enable 

the synthesis of novel pH sensitive polymer lipids. In the following sections, the steps of 

initiator synthesis, as well as polymer syntheses and post-modification are described. 

Furthermore, the respective polymers were used in further steps to prepare liposomes, and 

the stability of the systems at different pH values was investigated. 

2.2.3.1 Initiator synthesis 

Synthesis of bifunctional MBE 

For the introduction of the allyl ether moieties 2,2'-((2-methylenepropane-1,3-

diyl)bis(oxy))bis(ethan-1-ol) (MBE) was synthesized in a convenient one-step reaction of 3-

chloro-2-(chloromethyl)prop-1-ene with ethylene glycol in a nucleophilic substitution 

reaction (Scheme 2). This leads of the addition of two ethylene glycol spacers at the terminal 

hydroxyl groups of the lead structure 2-(methylene)-1,3-propanediol (MPD) and enables 

improved handling. Furthermore, the compound can be synthesized on a multi gram-scale. 

Purification is achieved by fractional distillation with good yields, high purity and low costs. 

Detailed NMR characterization of this compound can be found in the Supporting 

Information (SI-Figure 1, SI-Figure 2) 

 

Scheme 2: Synthesis of bifunctional MBE. 

Synthesis of monofunctional MBE 

For controlled binding of MBE to cholesterol, one hydroxyl group had to be selectively 

protected to prevent double attachment of cholesterol. Furthermore, it was important that 

the protective group could be easily cleaved again after the reaction in order to be able to 

use the initiator for the ensuing AROP. For this reason, 3,4-dihydropyran (DHP) was used 

as a protecting group to synthesize THP-MBE (Scheme 3). After purification by column 

chromatography, the mono-protected product was obtained with a yield of 30-40 %. The 

double-protected product can be recovered by acid cleavage back to the starting compound 

MBE. 
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Scheme 3: Synthesis of monofunctional MBE. 

Synthesis of the hydrophobic anchor (BisHD-OH) 

BisHD-OH was synthesized as described in literature.35 More details are given in the 

Supporting Information (SI-Scheme 1, SI-Figure 7) 

Synthesis of THP-MBE-Ts and BisHD-MBE-OH initiator 

For the attachement of BisHD-OH to MBE, the hydroxyl group of the THP-MBE was 

tosylated according to a synthesis route known in the literature (Scheme 4).42 The tosylation 

of hydroxyl-functionalized substrates is an important transformation to activate hydroxyl 

groups, thus yielding substrates for further nucleophilic substitution.  

 

Scheme 4: Synthesis route of THP-MBE-Ts. 

Subsequently, the nucleophilic substitution reaction of BisHD-OH with THP-MBE-Ts was 

carried out. For better separation of the product from BisHD-OH, which was used in slight 

excess, the THP protecting group was removed by acidic cleavage. The synthesis route of 

both steps are shown in Scheme 5. The BisHD-MBE-OH initiator was purified by column 

chromatography. 
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Scheme 5: Synthesis route of BisHD-MBE-THP with subsequent deprotection to BisHD-

MBE-OH initiator. 

The BisHD-MBE-OH initiator was characterized by NMR spectroscopy (Figure 1). All 

signals could be assigned, and the number of protons determined by integration of the 

signals agree with those of the molecule. 

 

Figure 1: 1H NMR spectrum (400 MHz, chloroform-d) of the initiator BisHD-MBE-OH. 
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2.2.3.2 Polymer synthesis and characterization. 

All polymers prepared in this work were synthesized via anionic ring-opening 

polymerization (AROP) of ethylene oxide (EO) as a commonly used method to generate 

FDA-approved PEGs.13 Polymers with and without a cleavage site were prepared. For the 

pH responsive polymers the initiator BisHD-MBE-OH was used and for the polymers 

without a cleavage site the initiator BisHD-OH.  

BisHD-OH initiated PEG and BisHD-isoMBE-OH initiated PEG 

Both polymer structures, with or without a cleavage site, were prepared by analogous 

experimental procedures. The procedure was based on methods for the preparation of 

amphiphilic polyether lipids known from the literature.38 For the polymerizations, the 

initiators BisHD-OH and BisHD-MBE-OH were deprotonated with potassium tert-butoxide 

with a degree of deprotonation of 90 %. The polymerization with EO was performed in THF 

at 50 °C in case of the BisHD-MBE-OH initiator and 60 °C for the BisHD-OH initiator for 

48 hours. Full monomer conversion was determined via 1H NMR spectroscopy. The 

synthesis routes employed for the polymerizations are shown in Scheme 6. 

 

Scheme 6: Synthesis route of the BisHD-PEG polymer (A) and the BisHD-MBE-PEG 

polymer (B). 

The key characterization data of the BisHD-PEG and the BisHD-MBE-PEG polymers are 

summarized in Table 1. The targeted degree of polymerization is in good agreement with 

the determined values for the obtained PEGs in case of the BisHD-PEG polymer. For the 

BisHD-MBE-PEG polymer, molecular weights are higher than targeted. The reason for this 



2 PH-RESPONSIVE POLYETHER LIPIDS 

166 
 

could be, e.g., at change in temperature at which the EO was condensed into the ampule. 

The density of EO is strongly temperature dependent. Furthermore, only a smaller amount 

of EO was used for the approach compared to the synthesis of BisHD-PEG. This means that 

an error in the amount of EO can have a significant effect on the molecular weight. Both 

polymers were prepared at the same time with the same set-up. It is therefore likely that 

one or more of the above-mentioned sources of error occurred. The molecular weight (Mn) 

was obtained from SEC in DMF using PEG standards with narrow size distributions (Ð < 

1.07). The corresponding SEC traces are shown in Figure 2. 

Table 1: Characterization data of the BisHD-PEG and BisHD-MBE-PEG polymers. 

Composition a 
Mn theo  

g·mol-1 

Mn NMR a 

g·mol-1 

Mn SEC b 

g·mol-1 
Ð b 

BisHD-PEG72 4000 3710 2620 1.07 

BisHD-MBE-PEG84 4000 4400 3620 1.04 

a Obtained from 1H NMR spectroscopy. b Determined via SEC (RI, DMF, PEG standards). 

 

 

Figure 2: SEC traces (RI detector, DMF, PEG standards) of the BisHD-PEG and BisHD-

MBE-PEG polymers. 

The molecular weights based on 1H NMR spectroscopy were determined via integration of 

the methyl signals of the BisHD-OH initiator (signal a) and are in good agreement with the 

molecular weights measured via SEC. For more details, NMR spectra of the BisHD-PEG 
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polymer are shown in SI-Figure 10 and SI-Figure 11. The 1H NMR spectrum of the BisHD-

MBE-PEG polymer is shown in Figure 3. 

 

Figure 3: 1H NMR spectrum (300 MHz, benzene-d6) of the BisHD-MBE-PEG. 

To determine the end-groups of the BisHD-OH and BisHD-MBE-OH initiated PEGs, 

MALDI-ToF mass spectrometry was performed. The spectrum of BisHD-PEG is shown in 

the Supporting Information (SI-Figure 21). For the polymerization of BisHD-OH with EO, 

the MALDI-ToF spectra show PEG chains exclusively initiated by the inititator BisHD-OH 

and underline the formation of well-defined polymers. The mass spectra demonstrate the 

formation of polymers with the absence of side reactions. In Figure 4 the MALDI-ToF mass 

spectrometry of BisHD-MBE-PEG and a zoom-in is shown to determine the end-groups. 

The main distribution corresponds to polymer initiated by BisHD-MBE-OH. However, upon 

closer inspection, a second species can be detected. This corresponds to BisHD-initiated 

PEG. When purifying the initiator, no traces of BisHD-OH could be detected in the NMR 

spectra and by thin-layer chromatography. However, the detection limit by NMR 

spectroscopy is higher and can falsify the result at small concentrations of impurities. 

However, the amount of BisHD-initiated polymer is less than 5 % based on MALDI-ToF. 
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Figure 4: MALDI-ToF MS spectrum of BisHD-MBE-PEG (left) and the zoom-in spectrum 

(right). 

Isomerization of BisHD-MBE-PEG to BisHD-isoMBE-PEG 

In order to obtain complete isomerization of the polymers, the polymers were dissolved in 

DMSO and heated with potassium tert-butoxide for 12 hours (Scheme 7). 

 

Scheme 7: Synthesis route of the isomerization of BisHD-MBE-PEG to BisHD-isoMBE-PEG. 

For complete isomerization, the equivalents of base were varied. Using 2 eq base, only about 

65 % of the polymer could be isomerized. The equivalents of base were then increased to 3, 

4, and 5 eq. Higher amounts of base resulted in complete isomerization, but a side reaction 

was also observed to increase with the amount of base. The best results were obtained with 

3 eq. base were obtained, because here the side reaction took place below 5 %. The next 

Figure 5 shows the 1H NMR spectra of the reactions with different amounts of base. The 

signals of the molecule of the side reaction are marked in blue.  
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Figure 5: 1H NMR spectra (400 MHz, benzene-d6) of the BisHD-isoMBE-PEG polymer with 

the influence of different amounts of base. 

The 1H NMR of the reaction with 3 eq. base is shown below in Figure 6 with the assignment 

of the signals. 

 

 

Figure 6: 1H NMR spectrum (400 MHz, benzene-d6) of the BisHD-isoMBE-PEG polymer 
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In order to exclude a cleavage of the polymer due to the isomerization, SEC measurements 

were performed in addition to the NMR spectra (Figure 7). The dashed curves correspond 

to the polymers before isomerization, the continuous curves after isomerization. The curves 

are congruent. Degradation or cleavage of the product could not be detected, neither by 

NMR spectroscopy nor in SEC measurements. 

 

Figure 7: SEC traces (RI detector, DMF, PEG standards) of the BisHD-MBE-PEG (dashed) 

and BisHD-isoMBE-PEG polymers (continuous). 

Post-polymerization modification 

To enable subsequent modification of the liposomes, for example with a drug or a dye, the 

amphiphilic polyether lipids were post-functionalized. Established systems for this are click 

reactions, such as the azide-alkyne click.43 In this work, the polymers were equipped with 

an alkyne group. This post-polymerization modification was carried out according to known 

synthesis procedures from our group.38,44–46 For the attachment of the alkyne moieties, the 

amphiphilic polymer lipids were deprotonated with sodium hydride (NaH) and 

functionalized with propargyl bromide. Both polymers, the BisHD-PEG polymer and the 

BisHD-isoMBE-PEG polymer were modified. Successful functionalization was evidenced 

via NMR spectroscopy. The synthesis route for the post-polymerization modification for the 

polymers is shown in Scheme 8. 
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Scheme 8: Synthesis route of the post-polymerization modification of BisHD-PEG (A) and 

BisHD-isoMBE-PEG (B) with propargyl bromide. 

In Figure 8 the 1H NMR spectra of BisHD-isoMBE-PEG before and after functionalization 

is shown. The characteristic signals for the protons of the alkyne moieties are highlighted 

in blue. Details regarding NMR spectra and the SEC measurements of the reference 

structure BisHD-PEG-alkyne can be found in the Supporting Information (SI-Figure 18, SI-

Figure 20). 

 

Figure 8: 1H NMR spectra (400 MHz, benzene-d6) of the BisHD-isoMBE-PEG polymer 

before (top) and after (bottom) post-polymerization modification with propargyl bromide. 
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SEC measurements showed no significant changes in the polymer distributions before and 

after functionalization. The SEC data of BisHD-isoMBE-PEG and BisHD-isoMBE-PEG-

alkyne can be taken from the following Figure 9. 

 

Figure 9: SEC traces (RI detector, DMF, PEG standards) of the BisHD-isoMBE-PEG polymer 

before (blue) and after (green) post-modification with propargyl bromide. 

Degradation Studies of the Chol-isoMBE-PEG polymers 

To obtain detailed information about the degradation products of the amphiphilic polymer 

lipids, they were incubated at acidic pH value. For this purpose, the BisHD-isoMBE-PEG 

polymer (5 mg) was dissolved in a dilute hydrochloric acid solution (1 mL) and treated for 

24 hours with continuous shaking. The pH value was chosen low enough to ensure complete 

cleavage of all polymers. After 24 hours, the aqueous polymer solution was filtered over 

basic aluminum oxide to neutralize it and dried in high vacuum. Finally, the hydrolysis 

fragments were analyzed by SEC. Figure 10 shows the SEC traces of the polymer before and 

after hydrolysis. The hydrolysis products of acidic cleavage are shown in Scheme 9. 
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Scheme 9: Products of the acidic hydrolysis. 

 

Figure 10: SEC traces (RI detector, DMF, PEG standards) of the BisHD-MBE-PEG polymer 

(dashed), the BisHD-isoMBE-PEG polymer (continuous) and the fragments after acidic 

hydrolysis (green). 

For the analysis of the fragments by SEC measurement, the polymer solution was 

neutralized and the solvent removed. The hydrolysis products were then added to the SEC 

column as a mixture without purification. As expected, two compounds could be detected. 

One compound with a molecular weight of about 3200 g/mol, the other with a molecular 

weight of about 500 g/mol. These molecular weights correspond quite closely to the 

hydrolysis products. A shift to lower molecular weights in the higher molecular range 

additionally confirms the cleavage of the hydrophobic initiator from the PEG backbone. 

2.2.3.3 Liposome preparation 

The composition of the liposomes can be found in Table 2. The preparation was carried out 

by dual centrifugation. Purification was carried out by size exclusion chromatography. 
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Table 2: Lipid compositions of liposomal formulations in mol%. 

 Lipid 1 Percentage Lipid 2 Percentage Lipid 3 Percentage 

1 EPC3 55 mol% Chol 45 mol% - - 

2 EPC3 54 mol% Chol 45 mol% BisHD-PEG 1 mol% 

3 EPC3 50 mol% Chol 45 mol% BisHD-PEG 5 mol% 

4 EPC3 54 mol% Chol 45 mol% BisHD-PEG-alkyne 1 mol% 

5 EPC3 50 mol% Chol 45 mol% BisHD-PEG-alkyne 5 mol% 

6 EPC3 54 mol% Chol 45 mol% BisHD-isoMBE-PEG 1 mol% 

7 EPC3 50 mol% Chol 45 mol% BisHD-isoMBE-PEG 5 mol% 

8 
EPC3 54 mol% Chol 45 mol% 

BisHD-isoMBE-PEG-

alkyne 
1 mol% 

9 
EPC3 50 mol% Chol 45 mol% 

BisHD-isoMBE-PEG-

alkyne 
5 mol% 

EPC3: egg phosphatidyl choline 3; Chol: cholesterol. 
 
2.2.3.4 Characterization of the liposomes 

To determine the size of the liposomes, the vesicles were measured using dynamic light 

scattering (DLS). The results are shown in Figure 11. The composition of the liposomes is 

shown in Table 2, where L0 again corresponds to the standard liposome without 

modification. The size of liposomes was determined at the beginning and after incubation 

at 37 °C at a pH of 7.4 and 5.4 after 8 hours. The size of the liposomes was monodisperse at 

about 130-160 nm for all samples. Further details can be found in the SI-Table 1. No change 

in size was observed at any pH after 8 h of incubation. One reason for this is, according to 

literature significant cleavage of the vinyl ether sites only at a lower pH value (pH = 5-4.5) 

within the 8 hours.30,32 In addition, it cannot be excluded that the PEG chains have only a 

minor influence on the size of the liposomes and that cleavage does not have a major effect 

on the size. 
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Figure 11: DLS measurements of the liposomes without a pH-responsive cleavage site (A) 

and with a pH-responsive cleavage site (B).  

To check the stability of the liposomes, the model cargo Sulforhodamine B (SRB) was 

encapsulated in the liposomes. Sulforhodamine B is a highly water-soluble fluorescent dye. 

After encapsulation of the dye, the liposomes were purified by HPLC, so that fluorescence 

can only be measured due to the destabilization of the liposomal structure. Liposomes were 

then incubated at 37 °C at pH values of 7.4 and 5.9. At these pH values, no release of the 

model cargo from the liposomes could be detected (see Figure 12). It can therefore be 
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concluded that a possible cleavage of the PEG groups at these pH values has no influence 

on the stability of the liposomes. This plays a role especially in the storage of liposomes. 

Storage stability is the basic requirement for the use of these liposomes in biological 

applications. 

 

Figure 12: Stability measurements by encapsulation of Sulforhodamine B. 

2.2.3.5 Cell viability studies 

For the use of synthetically produced compounds in biomedical applications, it is essential 

to exclude toxicity. To verify this, the standard liposome L0 (Table 2, entry 1), liposomes 

modified with BisHD-PEG (Table 2, entry 3), BisHD-isoMBE-PEG (Table 2, entry 7), BisHD-

PEG-alkyne (Table 2, entry 5) and BisHD-isoMBE-PEG-alkyne (Table 2, entry 9), were 

examined by cell assays. To remove chemical residues from the synthesis of the polymers, 

they were purified by dialysis. HeLa cells and HEK cells were used as cell lines. The 

liposomes were incubated for 24 h with the cells. Concentrations of 0.1 g/mL up to 

100 g/mL were tested. The MTT assays are displayed in Figure 13. 

At all concentrations and with all modifications, also in comparison with the standard 

liposome, no influence on the cells could be detected. The liposomes therefore show no 

toxicity and can be used unconditionally in biological systems. 
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Figure 13: MTT assays of HeLa cells (A) and HEK cells (B) incubated with the standard 

liposome L0, liposomes modified with BisHD-PEG, BisHD-isoMBE-PEG, BisHD-PEG-

alkyne and BisHD-isoMBE-PEG-alkyne. 
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2.2.4 Conclusion 

This work introduces the synthesis of a pH-sensitive polyether lipid for the preparation of 

pH-responsive stealth liposomes by dual centrifugation. First, an initiator for the anionic 

ring-opening polymerization (AROP) was prepared based on a long-chain dialkyl anchor, 

which was endowed with an allyl function. Subsequently, the initiator was used in a 

polymerization with ethylene oxide (EO) to form the amphiphilic polyether lipids. Narrowly 

monodisperse polymers could be obtained (Ð = 1.07-1.04). To convert the polyether lipid to 

its pH-responsive form, isomerization of the allyl function to the vinyl ether was carried 

out. Vinyl ethers exhibit excellent pH sensitivity in the range 5-4.5 and are therefore ideal 

for pH-responsive systems. In a post-modification with propargyl bromide, the polyether 

lipid was endowed with an alkyne end group. This allows for further functionalization via 

Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC), for example with a dye, a radioactive 

tracer, a small molecule or a ligand for targeted drug delivery. In addition, comparative 

structures without pH-sensitive cleavage sites were synthesized. The polyether lipids were 

then used to prepare liposomes by dual centrifugation. The size of the liposomes was 

determined by DLS. The liposomes were monodisperse with a size of about 150 nm. To 

investigate the stability of the liposomes, the model cargo Sulforhodamine B was 

encapsulated in the liposomes and they were incubated at pH values of 7.4 and 5.4 at 37 °C. 

No release of the dye was detected after 8 h and the size of the liposomes was unchanged 

in both cases. Therefore, it can be concluded that the liposomes are stable under slightly 

acidic conditions. In the last step, the liposomes were tested for possible toxicity by MTT 

assays. For this purpose, they were incubated with the cell lines HeLa and HEK293 for 24 h, 

and the cell activity was measured afterwards. No reduction in cell activity was detected, 

which rules out the toxicity of the systems. pH-sensitive polyether lipids are promising 

candidates for use in nanocarriers for targeted drug delivery. A combination of the pH-

sensitive vinyl ether-based PEG lipids with targeted moieties, for example of folate or 

mannose receptors, is only one of many possible applications. The results of this work 

demonstrate the great potential of pH-sensitive polyether lipids for liposomal drug carrier 

systems. 
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2.2.6 Supporting Information 

2.2.6.1 Initiator synthesis 

Synthesis of bifunctional MBE 

 

SI-Figure 1: 1H NMR spectrum (300 MHz, chloroform-d3) of MBE. 

 

 

SI-Figure 2: 13C NMR spectrum (75 MHz, chloroform-d3) of MBE. 
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Synthesis of monofunctional THP-MBE-OH 

 

SI-Figure 3: 1H NMR spectrum (300 MHz, DMSO-d6) of THP-MBE-OH. 

 

SI-Figure 4: 13C NMR spectrum (75 MHz, DMSO-d6) of THP-MBE-OH. 
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Synthesis of THP-MBE-Ts 

 

SI-Figure 5: 1H NMR spectrum (300 MHz, DMSO-d6) of THP-MBE-Ts. 

 

SI-Figure 6: 13C NMR spectrum (75 MHz, DMSO-d6) of THP-MBE-Ts. 

Synthesis of BisHD-OH 
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SI-Scheme 1: Synthesis route of the hydrophobic anchor structure. 

1H NMR (400 MHz, chloroform-d) δ [ppm] = 3.72 – 3.41 (m, 9H, CH2-O and CH2-CH-O), 

1.61 – 1.49 (m, 4H, CH2-CH2-O), 1.25 (s, 52H, CH2), 0.88 (t, J = 6.8 Hz, 6H, CH3-CH2). 

 

SI-Figure 7: 1H NMR spectrum (400 MHz, chloroform-d3) of BisHD-OH. 

Synthesis of BisHD-MBE-OH 
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SI-Figure 8: 1H NMR spectrum (300 MHz, chloroform-d) of BisHD-MBE-OH. 

 

SI-Figure 9: 13C NMR spectrum (75 MHz, chloroform-d) of BisHD-MBE-OH. 
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Synthesis of BisHD-PEG 

 

SI-Figure 10: 1H NMR spectrum (300 MHz, methylene chloride-d2) of BisHD-PEG. 

 

SI-Figure 11: 13C NMR spectrum (75 MHz, methylene chloride-d2) of BisHD-PEG. 
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Synthesis of BisHD-MBE-PEG 

 

 

SI-Figure 12: 1H NMR spectrum (300 MHz, benzene-d6) of BisHD-MBE-PEG. 

 

SI-Figure 13: 13C NMR spectrum (75 MHz, benzene-d6) of BisHD-MBE-PEG. 
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Synthesis of BisHD-isoMBE-PEG 

 

SI-Figure 14: 1H NMR spectrum (400 MHz, benzene-d6) of BisHD-isoMBE-PEG. 

 

SI-Figure 15: 1H, 13C HSQC NMR spectrum (400 MHz, benzene-d6) of BisHD-isoMBE-PEG. 
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SI-Figure 16: 1H, 1H COSY NMR spectrum (400 MHz, benzene-d6) of BisHD-isoMBE-PEG. 

 

SI-Figure 17: 1H, 13C HMBC NMR spectrum (400 MHz, benzene-d6) of BisHD-isoMBE-PEG. 



2 PH-RESPONSIVE POLYETHER LIPIDS 

193 
 

Post-modification of BisHD-PEG 

 

SI-Figure 18: 1H NMR spectrum (300 MHz, chloroform-d) of BisHD-PEG-alkyne. 

Post-modification of BisHD-isoMBE-PEG 

 

SI-Figure 19: 1H NMR spectrum (400 MHz, benzene-d6) of BisHD-isoMBE-PEG-alkyne. 
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SI-Figure 20: SEC traces (RI detector, DMF, PEG standards) of the BisHD-PEG polymer 

before (blue) and after (green) post-modification with propargyl bromide. 

 

SI-Figure 21: MALDI-ToF MS spectrum of BisHD-PEG (left) and the zoom-in spectrum 

(right). 
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SI-Figure 22: MALDI-ToF MS spectrum of BisHD-MBE-PEG (left) and the zoom-in 

spectrum (right). 

2.2.6.2 Dynamic light scattering 

SI-Table 1: DLS measurement data. 

Incubation pH Composition Size PDI 

0 h  
BisHD-PEG 135.6±9.31 nm 0.165±0.027 

BisHD-isoMBE-PEG 156.4±6.40 nm 0.210±0.019 

8 h 5.4 
BisHD-PEG 130.1±11.07 nm 0.125±0.027 

BisHD-isoMBE-PEG 153.3±8.19 nm 0.209±0.036 

8 h 7.4 
BisHD-PEG 140.2±8.43 nm 0.192±0.046 

BisHD-isoMBE-PEG 159.0±8.13 nm 0.245±0.019 
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Abstract 

Inhibitors of the prostate-specific membrane antigen (PSMA) belong to one of the most 

important substance classes in nuclear medicine. L-lysine-urea-L-glutamate (KuE) 

represents a key motif in recent diagnostics and therapeutic radiopharmaceuticals targeting 

the PSMA. Multifunctional polyether structures play a crucial role in shielding liposomes 

from degradation in the blood stream due to their stealth effect. In this work alkyne-

functionalized hyperbranched polyglycerols (hbPG) with a long hydrophobic alkyl chain 

anchor (BisHD) were synthesized and consecutively modified with an azide-bearing, 

squaramide coupled PSMA inhibitor (KuE.SA.Azide) via Cu(I)-catalyzed alkyne-azide 

cycloaddition (CuAAC). Subsequent radiolabeling via similar reaction of [18F]F-TEG-Azide 

with residual alkyne-groups followed by liposomal preparation led to a promising system 

for future targeted drug delivery in the treatment of prostate cancer that can be pre-

evaluated in vitro and in vivo via positron emission tomography (PET).  
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3.1.1 Introduction 

Among men, prostate cancer is the most common cancer in industrialized countries and the 

fifth leading cause of cancer death worldwide.1,2 However, with early detection, there are 

good treatment options leading to a five-year survival rate of more than 90 %.2,3 The prostate 

specific membrane antigen (PSMA) is associated with the diagnosis of prostate cancer. This 

membrane-bound glycoprotein belongs to the group of carboxypeptidases, which cleaves 

off C-terminal glutamate and for example catalyzes the hydrolysis of N-

acetylaspartylglutamate to N-acetylaspartate. It is rarely found in healthy tissues but shows 

overexpression in prostate cancer cells.4,5 For this reason, a variety of radiopharmaceutical 

drugs based on longer peptides, antibodies and small molecules targeting PSMA have been 

used for the diagnosis and treatment of prostate cancer.6,7 These compounds have similar 

structures to N-acetylaspartyl glutamate with a C-terminal glutamate to address the 

glutamate recognition domain of PSMA.8 Furthermore, the glutamate moiety must be 

attached to another non-cleavable group to prevent cleavage by PSMA in vivo. The presence 

of an aromatic moiety in the linker region significantly improves the affinity of the 

radiopharmaceutical by addressing an aromatic binding moiety in the binding pocket of the 

PSMA.9 A variety of PSMA inhibitors are urea-based, such as the most important PSMA 

radiopharmaceuticals PSMA-11 and PSMA-617.8,10,11 The lead structure of these molecules 

is a L-lysine-urea-L-glutamate (KuE) motif that resembles the structure of N-acetylaspartyl 

glutamate and is not cleavable by PSMA. 

The use of squaric acid diethyl ester (3,4-Diethoxycyclobut-3-ene-1,2-dione; SADE) as 

coupling reagent provides a unique strategy for conjugation of target vectors, linker units 

and other molecules. It is already widely used in the coupling of biomolecules for 

preparation of e.g. carbohydrate- or protein-polymer-conjugates.12  

The application of SADE simplifies the synthetic process. For example, no protective groups 

or further coupling reagents are required. There are also no by-products that need to be 

removed. 

The two ester groups react selectively with amines under mild conditions.13 The amidation 

can be carried out asymmetrically via pH control, since formation of the monoamide in the 

first step leads to reduced reactivity. By increasing the pH value, deprotonation occurs, 
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whereby the aromatic stabilization of the monoamide is lost and the second amidation can 

take place.14–16 This prevents dimerization and enables asymmetric amidation with high 

selectivity and high yields. 

Squaric acid shows a high acidity (pKa1 = 0.5-1.2; pKa2 = 2.2-3.5) and due to Hückel rule 

([4n + 2] π-electrons, n = 0) for aromatic systems, it represents an aromatic unit.17,18 In 

PSMA-specific radiopharamceuticals, squaric acid thus provides a moiety that interacts 

with the aromatic binding site in the binding pocket leading to increased affinity.19,20 

The problem with small molecules, however, is their rapid excretion by the kidney and the 

associated short retention in the blood. In order to increase the circulation time, a variety 

of approaches have been pursued in recent decades.21-22 One possible approach is to use 

drug delivery systems such as liposomes.23,24 Liposomes are vesicular structures that mimic 

a biomembrane. They typically consist of amphiphilic phospholipids and are often 

additionally stabilized using cholesterol. The problem with these systems is that they are 

easily recognized by macrophages of the mononuclear phagocyte system (MPS) due to their 

size, which leads to increased uptake in the liver and spleen.23,25-26 To increase the 

circulation time in the blood, the stealth effect of PEGylated systems is used. Polyethylene 

glycol chains are attached to the surface of the liposomes to shield them from 

macrophages.27,28 PEG has been the "gold standard" for creating stealth liposomes for 

years.29 In recent years, however, antibody-mediated immune responses have been 

increasingly observed.30 In addition, functional groups for further functionalization are 

missing because methoxy PEG (mPEG) is commonly used. A promising alternative is the 

highly biocompatible and water-soluble hyperbranched polyglycerol (hbPG).31 

Hyperbranched polyglycerol has a large number of hydroxyl groups, which allows 

functionalization with targeting vectors, radiolabels or targeting ligands for direct drug 

delivery.32 Wagener et al. investigated and compared liposome shielding in vivo via PET 

using 18F-labeled, linear and hyperbranched polyether lipids. They observed comparably 

high stability and prolonged blood circulation of all investigated structures with differences 

in spleen accumulation mainly due to the different liposomal sizes.33 Furthermore, very 

recently, they analogously prepared and investigated either fluorescence- or radiolabeled 

liposomes being functionalized with trimannose moieties for active targeting of dendritic 
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cells (DCs). Compared to non-functionalized liposomes, the trimannosylated analogues 

provided significantly increased uptake in the spleen and liver, presumably due to the 

presence of DCs.34 Hofmann et al. introduced different strategies to synthesize a variety of 

linear-hyperbranched polyether lipids. For this purpose, cholesterol or dialkyl-based 

anchors with different chain length are directly used as initiators in an anionic ring opening 

polymerization (AROP) of various epoxide monomers. This procedure enables a variety of 

polyether architectures with an adjustable number of hydroxyl groups.35 Furthermore, a 

study showed the stability of liposomes depending on the used anchor structure. Anchor 

structures with an alkyl chain between 18-20 methylene units showed an inherently higher 

stability of the liposomal membrane compared to cholesterol.36 

The cyclotron-produced positron emitter fluorine-18 provides several advantageous 

properties for radiolabeling and in vivo evaluation of liposomal structures via PET. 

Although it belongs to the shorter-lived radionuclides, its half-life of 109.7 min is longer 

than that of many other commonly used PET-isotopes (such as 68Ga, 11C, 13N, 15O) allowing 

for more time-consuming synthesis and making it suitable not only for imaging of small 

molecules but also larger systems with prolonged circulation such as peptides, polymers and 

liposomes.37,38 Furthermore, the almost exclusive β+-decay (96.9 %) of fluorine-18 produces 

low energy positrons (Eβ+,max = 635 keV) ensuring a high spatial PET-resolution.39 In 

contrast to radiometals, fluorine-18 is typically covalently bound to the respective molecule. 

Therefore, utilization of larger chelating structures that may impair liposome preparation 

or affect the shielding properties of the liposomal surface, is not required. Application of a 

structurally compliant, 18F-labeled synthon such as the frequently used 1-Azido-2-(2-(2-

[18F]fluoroethoxy)ethoxy)ethane ([18F]F-TEG-N3) enables indirect radiolabeling of the 

hyperbranched polyether construct without significantly affecting its chemical and 

biological properties.33,34,40,41 

In the present study the initial steps included synthesis of both an alkyne-functionalized 

hyperbranched polyglycerol with a long hydrophobic alkyl chain anchor and an azide-

bearing squaramide coupled KuE-derivative. In the next step the corresponding KuE-

functionalized polyether lipid was formed via CuAAC. Subsequently, the previously 

synthesized precursor 2-(2-(2-Azidoethoxy)ethoxy)ethyl-p-toluenesulfonate (Ts-TEG-N3) 
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was 18F-labeled using a custom-built semiautomatic modular system. A second copper(I)-

catalyzed click-reaction between the resulting [18F]F-TEG-N3 and residual alkyne groups of 

the polyether led to the desired radiolabeled lipid. In the final step, the corresponding 

liposomes were prepared via thin film hydration method using DOPC and cholesterol as 

additives and liposomal size was adjusted by repeated extrusion. SEC purification finally 

resulted in 18F-labeled, KuE-functionalized, hbPG-shielded liposomes representing a 

promising system for future drug delivery in the treatment of prostate cancer that can be 

traced and pre-evaluated in vivo via PET. 

3.1.1.1 Experimental part 

Terminology 

The amphiphilic block copolymer based on the hydrophobic initiator 1,2-bis-n-hexadecyl 

glyceryl ether (BisHD-OH) and the monomer ethoxyethyl glycidyl ether (EEGE) to 

synthesize the protected macroinitiator is named BisHD-P(EEGE). After cleavage of the 

acetal protecting groups the resulting linear poly(glycerol) (linPG) is named BisHD-linPG. 

After the slow monomer addition (SMA) with the monomer glycidol the resulting 

hyperbranched polyglycerol (hbPG) polymer is named BisHD-hbPG. The precursor 2-(2-(2-

Azidoethoxy)ethoxy)ethyl-p-toluenesulfonate is named Ts-TEG-N3 and the 18F-labeled 

click-synthon 1-Azido-2-(2-(2-[18F]fluoroethoxy)ethoxy)ethane is named [18F]F-TEG-N3. 

The PSMA-inhibitor 2-(3-(5-Amino-1-carboxy-pentyl)ureido)pentanedioic acid (L-lysine-

urea-L-glutamate) is named KuE.SA. The KuE.SA-functionalized BisHD-hbPG is named 

BisHD-hbPG-KuE.SA. 

Instrumentation and Materials 

1H NMR (300 MHz), 13C NMR (75 MHz) and 2D spectra were recorded on a Bruker Avance 

III HD 300 (5 mm BBFO-Probe with z-Gradient and ATM). 1H NMR (400 MHz), 13C NMR 

(100 MHz) and 2D spectra were measured on a Bruker Avance II 400 MHz (5 mm BBFO-

Probe Z-gradient and ATM, SampleXPress 60 auto sampler). 1H NMR (600 MHz), 13C NMR 

(151 MHz) and 2D spectra were measured on a Bruker Avance III 600 MHz (5 mm TCI-

CryoProbe Z-gradient and ATM, SampleXPress lite 16 sampler).The chemical shifts were 

javascript:
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internally referred to residual proton signals of the deuterated solvent. The NMR spectra 

were analyzed via MestReNova v11.0 software. 

Mass spectrometry was measured via Agilent Technologies 1220 Infinity LC system coupled 

to an Agilent Technologies 6130 Single Quadrupole LC/MS system. HPLC purification and 

analysis was performed using a Merck LaChrom system with Hitachi L7100 pump and 

L7400 UV-detector and the respectively mentioned column and conditions. Spin Filtration 

was carried out using Pall Microsep Advance centrifugal filters (MWCO = 1000 g/mol). 

Size exclusion chromatography (SEC) for the synthesized polymers was performed at 50 °C 

in N,N-dimethylformamide (with 1 g/L lithium bromide added) as eluent on an Agilent 

1,100 Series equipped with Polymer Standards Service (PSS) HEMA columns with 

300/100/40 Å porosity and a RI detector. The determination of the molecular weights was 

determined by a calibration with poly(ethylene glycol) standards by PSS.  

During radiosynthesis, activity of the samples was measured using a PC-based dose 

calibrator (ISOMED 2010, Nuklear Medizintechnik Dresden GmbH). Radio thin layer 

chromatography (radio-TLC) was performed using Merck Silica 60 F254 TLC plates; and 

ethylacetate:hexane (1:1) as mobile phase. Radio-TLC results were analyzed via image plate 

scanner (CR35-Bio, Elysia Raytest) and AIDA Image Analysis software (Elysia Raytest). 

Dynamic light scattering (DLS) was measured using a Malvern Zetasizer Nano ZS. The cell 

holder was equipped with a Peltier-controlled thermostat. The samples were prepared with 

a concentration of 1 μL per 1 mL of PBS buffer solution from Sigma Aldrich (dilution 1:1000) 

and measured at a laser wavelength of 633 nm and a scattering angle of 173°. All samples 

were measured at a constant temperature of 25 °C. Measurements were performed in 

disposable polystyrene cuvettes from the company Brand. The analysis was carried out 

using Malvern Zetasizer Software 7.11 from Macromedia. 

All solvents and reagents were purchased generally from the suppliers Acros Organics, 

Tokyo Chemical Industry (TCI), Sigma-Aldrich, Fluka, Fisher Scientific, Alfa Aesar, IRIS 

Biotech and VWR and were used as received unless otherwise stated. Deuterated solvents 

were purchased from Deutero GmbH. Dialysis membranes (regenerated cellulose, 

MWCO = 500 g/mol and MWCO = 1000 g/mol) were purchased from Orange Scientific. 
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EEGE was synthesized according to literature.42 Glycidol was stirred over CaH2 and freshly 

distilled before use. Dry N-methylpyrrolidone (NMP) was stored over molecular sieve before 

use. 

Aqueous [18F]fluoride was produced via proton-irradiation of enriched [18O]H2O using a 

PETtrace 700S cyclotron (GE Healthcare). 

Synthesis procedure  

Synthesis of the hydrophobic alkyl chain anchor (BisHD-OH) 

BisHD-OH was synthesized as described in literature.43 More details are in the Supporting 

Information (SI-Scheme 1, SI-Figure 1). 

Synthesis of BisHD-linPG macroinitiator 

The synthesis was carried out according to literature.44 

The synthesis is described for BisHD-linPG22 as a representative example.  

1,2-bis-n-hexadecyl glyceryl ether (BisHD-OH) (2.00 g, 3.70 mmol, 1 eq.) and CsOH mono 

hydrate (0.56 mg, 3.33 mmol, 0.9 eq.) was placed in a dry Schlenk flask and dissolved in 

benzene (10 mL). The solution was stirred at 60 °C for at least 30 min and dried in vacuo 

overnight to remove moisture. Dry Dioxan (50 mL) was added and after 20 min EEGE 

(11.89 g, 81.34 mmol, 12.01 mL, 22 eq.) via syringe. The solution was stirred at 80 °C for 6 d. 

The solvent was removed in vacuo. The polymer was dissolved again in methanol (50 mL) 

and 4 g of an acidic ion exchange resin (Dowex 50WX8) was added to the polymer solution 

to cleave the acetal protecting groups of BisHD-P(EEGE). The solution was stirred and 

heated to 50 °C overnight. Afterwards, the resin was removed by filtration and the solvent 

was removed partly in vacuo. The crude polymer was precipitated twice in cold diethyl 

ether. The resulting block copolymer was dried in vacuo. The polymer was isolated as a 

brownish resin in a yield of 90 %. 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 4.78 – 4.25 (m, 15H, OH), 3.67 – 3.13 (m, 123H, 

CH2-O and CH2-CH-O), 1.48 – 1.43 (m, 4H, CH2-CH2-O), 1.35 – 1.05 (m, 52H, CH2), 0.85 (t, 

J = 6.8 Hz, 6H, CH3-CH2). 
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Synthesis of BisHD-hbPG  

The synthesis was carried out according to literature.44 

Hypergrafting of glycidol is described for the macroinitiator BisHD-linPG22 as a 

representative example.  

The macroinitiator BisHD-linPG22 (0.20 g, 0.10 mmol, 1 eq.) was placed in a Schlenk flask, 

dissolved in benzene (3 mL) and dried in vacuo overnight. BisHD-linPG22 was again 

dissolved in benzene (2 mL) and CsOH mono hydrate (33.58 mg, 0.20 mmol, 2 eq., equates 

to a degree of deprotonation of 10% of hydroxyl groups) was added. The solution was stirred 

at 60 °C for at least 1 hour and dried in vacuo overnight to remove moisture. The 

macroinitiator was dissolved in N-methylpyrrolidone (NMP) (1 mL) and a solution of 

glycidol (0.59 mg, 7.90 mmol, 0.51 mL, 40 eq.) (5 %) in NMP was added to the initiator 

solution over a time period of 16 h (0.5 mL/h) at 100 °C. The solution was stirred for 

additional 2 h to ensure complete conversion of glycidol. Subsequently, the solvent was 

removed under reduced pressure and the crude product was dialyzed for 16 h against 

methanol (MWCO = 1000 g/mol). The solvent was removed under reduced pressure and the 

product was dried in vacuo. The polymer was isolated in a yield of 60 %. 

1H NMR (400 MHz, pyridine-d5) δ [ppm] = 6.58 – 5.80 (m, 74H, OH), 4.44 – 3.45 (m, 380H, 

CH2-O and CH2-CH-O), 1.73 – 1.60 (s, 4H, CH2-CH2-O), 1.44 – 1.20 (m, 52H, CH2), 0.88 (t, 

J = 6.5 Hz, 6H, CH3-CH2). 

Functionalization of BisHD-hbPG with propargyl bromide 

The functionalization is described for BisHD-hbPG74 as representative example. 

BisHD-hbPG74 (0.70 g, 0.12 mmol, 1 eq.) was placed in a Schlenk flask and dissolved in 

dimethylformamide (DMF) (15 mL). The solution was cooled to 0 °C and sodium hydride 

(19.6 mg, 0.82 mmol, 7 eq.) was added. The solution was stirred for 1 h at 0 °C to ensure 

complete deprotonation. Subsequently, propargyl bromide (0.52 mL, 0.46 mmol, 4 eq.) 

(80 wt% in toluene) was added and the mixture was allowed to slowly reach room 

temperature. The solution was stirred at room temperature for 2 days. Afterwards, water 

(2 mL) was added and the solvent was removed under reduced pressure. The crude product 
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was dialyzed against methanol (MWCO = 500 g/mol) for 24 h. The solvent was removed 

under reduced pressure and the product was dried in vacuo overnight. The alkyne-

functionalized polymer was isolated in a yield of 75 %. 

1H NMR (400 MHz, pyridine-d5) δ [ppm] = 6.61 – 5.86 (s, 67H, OH), 4.73 – 4.49 (s, 4H, 

OCH2-CCH), 4.46 – 3.48 (m, 383H, CH2-O and CH2-CH-O), 1.74 – 1.60 (m, 4H, CH2-CH2-

O), 1.49 – 1.17 (s, 52H, CH2), 0.88 (t, J = 6.8 Hz, 6H, CH3-CH2).  

Synthesis of KuE.SA.N3 

Synthesis of the squaramide functionalized PSMA inhibitor KuE.SA was carried out 

according to the already published procedure.20 

Synthesis of 2-(3-(5-Amino-1-carboxy-pentyl)ureido)pentanedioic acid (L-lysine-urea-L-

glutamate (KuE)  

H-Glu(tBu)-OtBu (0.9 g, 3 mmol) and DIPEA (2 mL, 12 mmol) were dissolved in dry 

dichloromethane (150 mL). The solution was cooled to 0 °C and triphosgene (300 mg, 

1 mmol) was added over a period of 4 h. The solution was then stirred for 1 h at room 

temperature. The H-Lys(Boc)-2CT-polystyrene solid phase (0.78 mmol/g, 390 mg, 

0.3 mmol) was added to the reaction solution and stirred for additional 16 h at room 

temperature. The solid phase was filtered and washed with dichloromethane. The product 

was cleaved from the solid phase with TFA (3 x 7 mL, 10 min, RT) and purified by semi-

preparative HPLC (column: Phenomenex Luna C18 (250 x 10 mm) 10 μ, flow rate: 

5 mL/min, H2O/MeCN + 0.1 % TFA, 0-5 % MeCN in 20 min, tR = 9.0 min). KuE was obtained 

as a colorless oil (67.9 mg, 0.21 mmol, 71 %). 

1H-NMR (300 MHz, D2O) δ [ppm] = 4.22 (ddd, J = 12.4, 9.0, 5.0 Hz, 2H, HOOC-CH-NH-

CO), 2.98 (t, J = 7.5 Hz, 2H, NH2-CH2), 2.50 (t, J = 7.3 Hz, 2H, HOOC-CH2-CH2), 2.16 (dtd, 

J = 14.9, 7.5, 5.1 Hz, 1H, HOOC-CH2-CH2), 2.00 – 1.76 (m, 2H, HOOC-CH2-CH2, NH2-

(CH2)3-CH2), 1.76 – 1.60 (m, 3H, NH2-CH2-CH2, NH2-(CH2)3-CH2), 1.55 – 1.22 (m, 2H, NH2-

(CH2)2-CH2)). 

MS (ESI+): 320.1 [M+H]+, calculated for C12H21N3O7: 319.14 [M]+. 

javascript:
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Synthesis of 2-(3-(1-Carboxy-5-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-

pentyl)ureido)-pentanedioic acid (KuE.SA)  

KuE (10 mg, 31.3 µmol) was dissolved in 0.5 M phosphate buffer (pH 7; 250 μL). To this 

solution 3,4-diethoxycyclobut-3-ene-1,2-dione (5.3 mg, 4.6 μL, 31.3 µmol) was added. The 

pH was adjusted to pH 7 using 1 M NaOH. The solution was shaken for 16 h. The product 

KuE.SA was purified by semi-preparative HPLC (column: Phenomenex Luna C18 (250 x 

10 mm) 10 μ, flow rate: 5 mL/min, H2O/MeCN + 0.1 % TFA, 12-30 % MeCN in 20 min, 

tR = 10.0 min) and obtained as a colorless solid (27.8 mg, 62.7 µmol, 23 %). 

1H-NMR (300 MHz, D2O) δ [ppm] = 4.75 – 4.65 (m, 2H, HOOC-CH-NH-CO), 4.30 – 4.12 

(m, 2H, O-CH2-CH3), 3.59 (dt, J = 23.5 Hz, 6.6 Hz, 1H, NH-CH2), 3.48 (t, J = 6.6 Hz, 1H, NH-

CH2) 2.49 (t, J = 7.3 Hz, 2H, HOOC-CH2-CH2), 2.16 (dtd, J = 15.3 Hz, 7.4 Hz, 5.2 Hz,1H, 

HOOC-CH2-CH2), 2.04 – 1.90 (m, 1H, HOOC-CH2-CH2) 1.86 – 1.75 (m, 2H, NH-(CH2)3-

CH2), 1.73 – 1.46 (m, 2H, NH-CH2-CH2), 1.41 (dt, J = 7.1 Hz, 3.6 Hz, 5H, NH-(CH2)2-CH2, 

O-CH2-CH3).  

13C-NMR (300 MHz, D2O) δ [ppm] = 188.86 (NH-C-CO), 182.94 (O-C-CO), 177.13 (HOOC-

CH-(CH2)2-COOH), 176.95 (HOOC-CH2-CH2), 176.05 (NH-C=C-O), 173.15 (NH-C=C-O), 

159.08 (NH-CO-NH), 70.41 (O-CH3-CH2), 52.91 (HOOC-CH-NH (Lys)), 52.48 (HOOC-CH-

NH (Glu)), 44.03 ((NH-CH2-CH2)), 30.26 (NH-CH2), 29.91 (HOOC-CH2-CH2), 28.86 (NH-

(CH2)3-CH2), 26.15 (HOOC-CH2-CH2), 21.59 (NH-(CH2)2-CH2), 14.95 (O-CH3-CH2).  

MS (ESI+): 444.2 [M+H]+, calculated for C18H25N3O10: 443.15 [M]+. 

Synthesis of 2-Azidoethylamine  

2-Bromoethylamine hydrobromide (1 g, 4.9 mmol) and sodium azide (952 mg, 14.6 mmol) 

were dissolved in water (15 mL) and stirred overnight at 75 °C. The reaction mixture was 

cooled to 0 °C and potassium hydroxide (1.2 g, 21.4 mmol) was added. The product was 

extracted from the aqueous solution with diethyl ether (3 x 20 mL). The organic layer was 

evaporated under reduced pressure and 2-Azidoethylamine was obtained as colorless oil 

(372 mg, 4.3 mmol, 87 %). 
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1H-NMR (300 MHz, chloroform-d3) δ [ppm] = 3.37 (t, J = 5.7 Hz, 2H, CH2-NH2), 2.92 – 2.84 

(m, 2H, N3-CH2), 1.42 (s, 2H, -NH2).  

13C-NMR (300 MHz, chloroform-d3) δ [ppm] = 54.50 (CH2-N3), 41.47 (CH2-NH2).  

MS (ESI+): 87.1 [M+H]+ calculated for C2H6N4: 86.06 [M]+. 

Synthesis of 2-(3-(5-((2-((2-azidoethyl)amino)-3,4-dioxocyclobut-1-en-1-yl)amino)-1-

carboxypentyl)ureido)-pentanedioic acid (KuE.SA.N3) 

2-Azidoethylamine (40 mg, 0.46 μmol) and KuE.SA (6 mg, 13.5 µmol) were dissolved in 

0.5 M phosphate buffer (pH 9, 300 μL) and the pH was readjusted to pH 9 with 1 M NaOH 

solution. The reaction mixture was shaken overnight and the product (6 mg, 12.4 µmol, 

92 %) was obtained as a colorless oil after semi-preparative HPLC purification (column: 

Phenomenex Luna C18 (250 x 10 mm) 10 μ, flow rate: 5 mL/min, H2O/MeCN + 0.1 % TFA, 

10-40 % MeCN in 20 min, tR = 8.2 min). 

1H-NMR (400 MHz, D2O) δ [ppm] = 4.25 (dd, J = 9.1, 5.1 Hz, 1H, HOOC-CH-Glu), 4.19 (dd, 

J = 8.8, 4.9 Hz, 1H, HOOC-CH-Lys), 3.55 – 3.49 (m, 2H, NH-CH2-CH2-N3), 3.17 (t, J = 5.5 

Hz, 1H, CH2-N3), 2.50 (t, J = 7.3 Hz, 2H, HOOC-CH2), 2.17 (dq, J = 12.5 Hz, 7.3 Hz, 1H, NH-

CH2-CH2), 2.00 – 1.89 (m, 1H, NH-CH2-CH2), 1.85 (p, J = 7.9 Hz, 7.2 Hz, 1H, HOOC-CH2-

CH2), 1.73 (dt, J = 13.7 Hz, 6.9 Hz, 1H, HOOC-CH2-CH2), 1.64 (p, J = 7.3 Hz, 6.4 Hz, 2H, 

NH-(CH2)3-CH2), 1.45 (q, J = 8.4 Hz, 2H, NH-(CH2)2-CH2). 

13C-NMR (400 MHz, D2O) δ [ppm] = 177.26 (SA.C=O), 176.86 (HOOC-CH2-CH2), 176.10 

(2C, HOOC-CH), 159.15 (NH-CO-NH), 117.66 (, NH-C-C-NH), 114,80 (NH-C-C-NH), 53.06 

(HOOC-CH-Lys), 52.47 (HOOC-CH-Glu), 51.45 (CH2-N3), 43.50 (NH-CH2-CH2-N3), 30.37 

(NH-(CH2)3-CH2), 29.87 (HOOC-CH2), 29.36 (NH-CH2-CH2), 26.07 (HOOC-CH2-CH2), 

21.62 (NH-(CH2)2-CH2). 

MS (ESI+): 484.4 [M+H]+, 506.2 [M+Na]+, calculated for C18H25N7O9: 483.17 [M]+. 

Synthesis of the KuE.SA.triazolyl-BisHD-hbPG  

KuE.SA-functionalization of BisHD-hbPG via CuAAC was performed according to a 

modified protocol by Yamamoto et al.45 The synthesis is described for KuE.SA-triazolyl-

BisHD-hbPG74 as representative example. 
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Alkyne-BisHD-hbPG74 (23 mg, 3.8 µmol, ca. 7 alkyne-groups per polymer) was dissolved in 

PBS (1 mL). KuE.SA.N3 (4.6 mg, 9.5 µmol) in PBS (1 mL), DMSO (36 µL), N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine and PMDETA (1 µL, 3.8 µmol) were added. The mixture 

was heated to 45 °C and CuBr (5.4 µL of a 1 mg/mL solution in DMSO; 5.4 µg, 0.038 µmol) 

was added and stirred at 45 °C and under argon atmosphere for 16 h. Purification was 

carried out by spin filtration. The solution was transferred into a centrifuge tube (Pall 

Microsep Advance 1K) and centrifuged for 30 min (4696 g). The concentrate was dissolved 

in water (1 mL) and centrifuged again for 15 min (4696 g). This washing step was repeated 

7 times. In the last step the concentrate was centrifuged (4696 g) for 1 h. Lyophilisation gave 

the product as brownish solid (24.2 mg). 

Synthesis of the precursor 2-(2-(2-Azidoethoxy)ethoxy)ethyl-p-toluenesulfonate (Ts-TEG-

N3) 

Ts-TEG-N3 was synthesized as described in literature.40  

Radiosynthesis of 1-Azido-2-(2-(2-[18F]fluoroethoxy)ethoxy)ethane ([18F]F-TEG-N3) 

Radiolabeling of the precursor Ts-TEG-N3 and subsequent purification to produce [18F]F-

TEG-N3 was performed via semiautomatic custom modular system using cyclotron-

produced [18F]fluoride according to the procedure already reported in literature.40 

[18F]fluoride was first trapped on a preconditioned (10 mL 1 M K2CO3 solution, 10 mL 

Milli-Q water, 20 mL air) Sep-Pak QMA light cartridge (Waters) and subsequently eluted 

into a reaction vial using a mixture of 1 M K2CO3 solution (15 µL, 15 µmol), Kryptofix® 222 

(15 mg, 40 µmol) and acetonitrile (1 mL). Azeotropic removal of residual water was achieved 

via evaporation of the solvent under reduced pressure and helium flow at 80 °C. After 

cooling to 40 °C, a solution of Ts-TEG-N3 (10.0 mg, 30.4 µmol) in acetonitrile (1 mL) was 

added and the reaction vial was heated to 90 °C for 10 min. After completion of the 

radiolabeling reaction, the mixture was cooled down again to 40 °C and MeCN/H2O (1:1) 

(1 mL) was added. The resulting solution of crude compound was subsequently purified via 

semipreparative HPLC (column: Phenomenex Luna C18 semipreparative (250 x 10 mm) 

10 µ, flow rate: 3 mL/min, MeCN/H2O 1:1, tR = 8.0 min). The collected product fraction was 

diluted by Milli-Q water (35 mL) and passed through a preconditioned (10 mL acetonitrile, 
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10 mL Milli-Q water, 20 mL air) Lichrolut EN cartridge (Merck). Subsequently, the cartridge 

was dried with a stream of helium and eluted with anhydrous diethylether (1.5 mL) into a 

vial equipped with a stirring bar and a septum. Evaporation of the solvent under reduced 

pressure and helium flow (10 mL/min) at 40 °C led to the product ([18F]F-TEG-N3) with a 

decay corrected radiochemical yield of 53 %. 

Synthesis of ([18F]F-TEG-triazolyl)(KuE-SA-triazolyl)-BisHD-hbPG 

18F-labeling of the KuE-SA-triazolyl-BisHD-hbPG via copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC) was performed similarly to the method already published.33 The 

synthesis is described for ([18F]F-TEG-triazolyl)-(KuE-SA-triazolyl)-BisHD-hbPG63 as 

representative example. 

In detail, a solution of KuE-SA-triazolyl-BisHD-hbPG63 (3.1 mg, 0.56 µmol) in 1 mL PBS 

was added to a vial containing a layer of [18F]F-TEG-N3 and a stirring bar. Successively, 

12.5 µL DMSO, 15 µL 1 M CuSO4 solution (15 µmol) and 25 µL 2.4 M sodium ascorbate in 

PBS (60 µmol) were added and the resulting mixture was heated to 70 °C for 15 min while 

stirring. Completion of the reaction was confirmed via radio-TLC (radiolabeled product: 

Rf = 0, [18F]F-TEG-N3: Rf = 0.8-0.9). Subsequently, the solution was passed through 

preconditioned (0.8 mL 1 M HCl, 5 mL H2O, 0.8 mL 1 M NaOH, 5 mL H2O, 10 mL air) 

Chelex 100 chelating resin (600 mg, Bio-Rad) to remove catalytic copper. The cartridge was 

flushed with 1.5 mL abs. ethanol and the eluate was combined with the first aqueous flow-

through yielding a solution of purified, 18F-labeled polyether lipid with a decay corrected 

radiochemical yield of 73 %.  

Synthesis of ([18F]F-TEG-triazolyl)-BisHD-hbPG 

18F-labeling of the non-KuE-functionalized, alkyne-bearing BisHD-hbPG (3.5 mg, 

0.65 µmol) was accomplished via CuAAC analogously to the synthesis of ([18F]F-TEG-

triazolyl)(KuE-SA-triazolyl)-BisHD-hbPG resulting in a decay-corrected radiochemical 

yield of 81 %. 
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Liposome formation 

18F-labeled, KuE-functionalized liposomes were prepared via thin film hydration and 

automatic extrusion similar to the method already published in literature.33,34 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 241 µL, 20 mg/mL in ethanol, 6.13 µmol, 

55 mol%) and cholesterol (246 µL, 7 mg/mL in ethanol, 4.46 µmol, 40 mol%) were added to 

the obtained aqueous-ethanolic solution of the 18F-labeled polyether lipid ([18F]F-TEG-

triazolyl)(KuE-SA-triazolyl)-BisHD-hbPG (0.56 µmol, 5 mol%). The solvents were removed 

under reduced pressure via rotary evaporator providing a thin oily layer. Addition of 0.8 mL 

PBS and subsequent ultrasonication for 10 min at 50 °C led to a turbid yellow suspension. 

To obtain uniform liposomes of small size, the suspension was extruded automatically 

through polycarbonate membranes of different pore sizes (400 nm, 100 nm and 50 nm, 21 

times each) via custom-built extrusion device equipped with a LiposoFast extruder unit 

(AVESTIN Europe GmbH). In order to separate smaller components and structures, the 

resulting liposomes were finally purified via fractionated size exclusion chromatography 

(SEC) using Sephacryl S-400 HR resin (Cytiva, 4 mL in a 6 mL SPE tube) and PBS as mobile 

phase (0.5 mL per fraction). The radiolabeled KuE-functionalized liposomes eluted in 

fractions 3-5 as a slightly turbid suspension with a decay-corrected radiochemical yield of 

25 %. 

3.1.2 Results and discussion 

3.1.2.1 Polymer synthesis and characterization 

The amphiphilic block copolymer BisHD-hbPG was synthesized in a multi-step procedure. 

Synthesis of the hydrophobic BisHD-OH anchor 

The hydrophobic anchor structure BisHD-OH was synthesized as initiator for the anionic 

ring opening polymerization (AROP) of epoxides. The initiator was prepared in a 

straightforward two-step synthesis based on a procedure of Stauch et al., performing a 

Williamson etherification and using 1-O-benzyl glycerol and hexadecyl bromide, followed 

by hydrogenation to remove the benzyl protecting group.43 In the past, two other 

hydrophobic anchors 1,2-bis-n-icosanyl glyceryl ether (BisID-OH) with longer and 1,2-bis-

n-octadecyl glyceryl ether (BisOD-OH) with shorter alkyl chain lengths of the anchor 
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structures were also used for the AROP.44 In a study of Gleue et al., the influence of the 

length of the amphiphilic anchors on the stability of the liposome membrane and the 

exchange between liposome membrane and cell membrane was investigated.36 Due to the 

good stability of BisHD-OH, this anchor was used as an initiator for our structures. 

Synthesis of BisHD-linPG macroinitiator 

In the first reaction step a BisHD-P(EEGE) precursor polymer was synthesized via AROP 

with ethoxy ethyl glycidyl ether (EEGE). For the polymerization of EEGE the BisHD-OH 

was first deprotonated with cesium hydroxide monohydrate and dried in vacuo overnight 

to remove any moisture. Cesium hydroxide monohydrate was used as base for the 

deprotonation to ensure a good reactivity for the polymerization due to the formation of a 

dissociated ion pair.46,47 The resulting initiator salt was dissolved in dioxane and the AROP 

of EEGE was performed under slightly reduced pressure and at elevated temperatures 

(80 °C) for 6 days. High temperatures were necessary to enable a polymerization clearly above 

the melting point of the initiator and to increase the overall reactivity. The polymerization of 

EEGE leads to linear structures (PEEGE) with acetal-protected hydroxyl groups, which can 

be released upon acidic treatment according to literature.48 The resulting linear polyglycerol 

(BisHD-linPG) structure exhibits numerous hydroxyl groups and can therefore be used as a 

macroinitiator to prepare the hyperbranched polyglycerol (hbPG) block (Scheme 1). 

 

Scheme 1: Synthesis route for the macroinitiator BisHD-P(EEGE) and cleavage of the 

protecting acetal groups resulting in BisHD-linPG. 

Synthesis of BisHD-hbPG  

BisHD-linPG was used for “hypergrafting” of glycidol via slow monomer addition (SMA) 

technique to obtain the BisHD-hbPG polyether lipids. For the synthesis, the free hydroxyl 

groups of the BisHD-linPG macroinitiator were deprotonated using cesium hydroxide 

monohydrate and dried overnight to remove any moisture. The initiator salt was dissolved 
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in N-methyl-2-pyrrolidone (NMP) to guarantee a good solubility of the macroinitiator and the 

resulting BisHD-hbPG. The monomer glycidol was added via SMA approach over a time period 

of 16 h to obtain well-defined BisHD-hbPG (Scheme 2). 

 

Scheme 2: Synthesis route for BisHD-hbPG via slow monomer addition (SMA) of glycidol. 

The key characterization data of BisHD-P(EEGE), BisHD-linPG and BisHD-hbPG are 

summarized in Table 1. 

Table 1: Characterization data of the precursor BisHD-P(EEGE), the macroinitiator BisHD-

linPG and the block copolymer BisHD-hbPG. 

Sample 
Mn NMR a 

g·mol-1 

Mn SEC b 

g·mol-1 

Ð b 

BisHD-P(EEGE)22 3750 2230 1.06 

BisHD-linPG22 2170 1990 1.07 

BisHD-hbPG74 6010 3830 1.26 

a Obtained from 1H NMR spectroscopy. b Determined via SEC (RI, DMF, PEG standards). 
 
 

AROP of BisHD and EEGE yielded the macroinitiator BisHD-P(EEGE), which was obtained 

with 22 EEGE units and a molecular weight (Mn) of 3750 g·mol-1 with a low dispersity 

(Ð=1.06). The BisHD-linPG had a lower molecular weight of 2170 g·mol-1, because of the 

acidic cleavage of the acetal groups. After the SMA with glycidol the BisHD-hbPG was 

obtained with 74 glycidol units and a molecular weight of 6010 g·mol-1. The dispersity 

(Ð=1.26) is quiet good for this kind of “hypergrafting” reaction. The molecular weights 

determined via SEC are deviating from the results determined via 1H NMR, due to the 
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applied PEG standards in the calibration and the varying hydrodynamic volume (Vh), 

especially for the BisHD-hbPG polymer compared to PEG. 

An overlay of the monomodal SEC traces of the precursor BisHD-P(EEGE), the 

macroinitiator BisHD-linPG and the amphiphilic block copolymer BisHD-hbPG is shown 

in Figure 1. An expected slight shift to a lower molecular weight is observed between the 

SEC trace before (blue) and after cleavage of the protecting groups (green). Furthermore, a 

shift to a higher molecular weight due to the changing Vh of the hyperbranched block 

copolymer can be observed (red).  

 

Figure 1: SEC traces (RI detector, DMF, PEG standards) of the precursor BisHD-P(EEGE), 

the macroinitiator BisHD-linPG and the block copolymer BisHD-hbPG. 

The 1H NMR spectra of BisHD-P(EEGE) and the spectra of BisHD-linPG after the 

deprotection are shown in SI-Figure 2 and SI-Figure 3. The acetal protecting groups could 

be completely cleaved off. The 1H NMR spectra of BisHD-hbPG74 is shown in Figure 2 with 

assigned signals.  
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Figure 2: 1H NMR spectrum (400 MHz, pyridine-d5) of BisHD-hbPG74 (entry 3, Table 1). 

Post-polymerization modification 

The amphiphilic BisHD-hbPG block copolymer was functionalized with propargyl bromide 

to attach alkyne-moieties. The alkyne-groups enables a copper(I)-catalyzed azide alkyne 

cycloaddition (CuAAC) with azide-bearing molecules. This reaction is known from 

literature and was adapted for the synthesized amphiphilic block copolymer.40 For the 

functionalization, the hydroxyl groups of BisHD-hbPG were deprotonated using sodium 

hydride (NaH). The degree of functionalization was controlled via the amount of applied 

propargyl bromide. The successful functionalization was proven via NMR spectroscopy. 

The characteristic resonances for the propargyl group could be assigned via 1H NMR 

spectrum (Figure 3) and 1H, 13C-HSQC NMR spectrum (SI-Figure 6). The number of alkyne 

groups cannot be accurately determined by integrating the signals in the 1H NMR spectrum. 

The characteristic NMR signals of the alkyne group are strongly broadened in deuterated 

pyridine. However, from the decrease in the number of protons of the hydroxyl group from 

74 to 67 protons, it can be concluded that an average of 7 alkyne groups per polymer are 

bound for further functionalization. 
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Figure 3: 1H NMR spectra (400 MHz, pyridine-d5) of BisHD-hbPG74 (A, top) and BisHD-

hbPG74-alkyne (B, bottom). The appearing signals for the propargyl group are emphasized in 

blue. 

In Table 2 the characteristics of BisHD-hbPG before and after functionalization with propargyl 

bromide is summarized. 

Table 2: Characterization data of the BisHD-hbPG and BisHD-hbPG-alkyne. 

Sample 
Mn NMR a 

g·mol-1 

Mn SEC b 

g·mol-1 

Ð b Alkyne moietiesb 

BisHD-hbPG74 6010 3830 1.26  

BisHD-hbPG74-alkyne 6500 4470 1.22 7 

a Obtained from 1H NMR spectroscopy. b Determined via SEC (RI, DMF, PEG standards). 

 

SEC measurements reveal moderate size distribution for the functionalized BisHD-hbPG-alkyne 

polymer. Moreover, the successful attachment of alkyne-moieties to BisHD-hbPG is proven due 

to the shift of the SEC trace to lower elution volume translating to higher molecular weight 

(Figure 4). Polydispersity decreases minimally after functionalization due to purification by 

dialysis. 
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Figure 4: SEC traces (RI detector, DMF, PEG standards) of BisHD-hbPG before (blue) and 

after functionalization (green) with propargyl bromide. 

3.1.2.2 Synthesis of the PSMA inhibitor and functionalization of the hyperbranched 

polyether lipid 

Synthesis of the azide-functionalized PSMA inhibitor KuE.SA.N3 

Synthesis of the actual PSMA inhibitor L-lysine-urea-L-glutamate (KuE) was adopted from 

the procedure described by Greifenstein et al.20 In the first step, slow addition of triphosgene 

to a cooled solution of twice tert-butyl protected L-glutamic acid and DIPEA led to the 

corresponding isocyanate, which was directly reacted with Nε-Boc-protected L-lysine 

bound to a chlorotrityl polystyrene resin (Scheme 3). Nucleophilic attack of the partially 

positively charged isocyanate-carbon by the α-nitrogen of lysine resulted in the solid phase-

bound, urea coupled and protected amino acids. Simultaneous cleavage and deprotection 

using TFA followed by HPLC purification finally provided the desired product KuE with a 

yield of 71 %. 

Subsequently, the squaric acid moiety was introduced using SADE at pH 7 via formation of 

the corresponding monoamide (Scheme 3). In this step, a severe pH control using a buffered 

medium is required to prevent further amidation and therefore KuE-dimerization, which 

occurs at more basic conditions. The HPLC-purified KuE.SA was obtained with a yield of 

23 %. The rather moderate yield does not reflect low formation of the product (as confirmed 

via LC/MS), but is mainly attributed to a loss during HPLC purification. 



3 HYPERBRANCHED POLYETHER LIPIDS FOR LIPOSOMAL APPLICATION 

220 
 

The next step finally included azide-functionalization via second amidation of the squaric 

acid monoamide at pH 9 using 2-azidoethylamine (Scheme 3). The azide-bearing precursor 

was previously synthesized starting from 2-bromoethylamine hydrobromide by means of 

sodium azide and potassium hydroxide. After HPLC purification, the desired clickable 

PSMA inhibitor KuE.SA.N3 was finally obtained with a yield of 86 %. 

 

 

Scheme 3: Synthesis of the PSMA inhibitor L-lysine-urea-L-glutamate (KuE) and subsequent 

azide-functionalization via formation of the corresponding squaric acid diamide. 
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KuE.SA-functionalization of alkyne-bearing BisHD-hbPG 

In order to ensure specific binding to PSMA expressing cancer of the later prepared 

liposomal system, the alkyne-bearing hyperbranched polyether lipid was functionalized 

with KuE.SA via CuAAC, also named click-reaction (Scheme 4). This modification was 

achieved similarly to the method Wagener et al. used for preparation of trimannosylated 

lipids.34 Therefore, BisHD-hbPG-alkyne was reacted with the previously synthesized 

KuE.SA.N3 using copper(I) bromide and PMDETA as base. According to the mechanism 

proposed by Worrel et al., a catalytically active complex containing of a σ-bound copper 

acetylide being additionally supplemented by a second π-bound copper atom, is formed in 

situ.34 The base PMDETA is added to promote the formation of the copper acetylide.49 

Subsequent coordination of the azide leads to the formation of a six-membered metallacycle, 

which in turn is then converted to the triazolyl-connected product through ring contraction 

and protonolytic cleavage of the catalyst. To ensure sufficient functionalization of the 

polyether lipid with the PSMA inhibitor on the one hand and to leave binding sites 

unoccupied for subsequent radiolabeling on the other hand, 2.5 equivalents KuE.SA.N3 were 

used. Purification of the product for removal of small reaction components and unbound 

reactant was achieved via spin filtration (MWCO = 1000 g/mol).  

To verify the successful binding of KuE.SA.N3 to the polymer using CuAAC, NMR spectra 

were prepared. In the 1H and 13C spectra, only very weak characteristic signals could be 

detected. Reasons for this are on the one hand the large molecular weight of the polymer 

compared to the molecular weight of the attached group, many signals overlap with the 

signals of the polymer and the deuterated solvent pyridine has an additional strong shielding 

effect. However, by 1H, 13C HSQC analysis, the successful binding could be confirmed. The 

spectra can be taken from the Supporting Information (SI-Figure 14-SI-Figure 18). 

Furthermore, a decrease in the protons of the alkyne groups on the polymer was observed 

and the KuE.SA functionalized liposomes showed fluorescence in the DLS later on, further 

confirming the successful functionalization. 
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Scheme 4: Consecutive KuE.SA-functionalization and 18F-labeling of the alkyne-bearing 

hyperbranched polyether lipid BisHD-hbPG using CuAAC. 

3.1.2.3 Radiosynthesis 

Radiosynthesis first included nucleophilic 18F-labeling of the prior synthesized click-

synthon Ts-TEG-N3 according to the procedure of previous reports.33,34,40 In this step a 

semiautomatic custom-built modular system was used significantly simplifying and 

accelerating the synthesis and minimizing radiation exposure to the experimentalist. 

Cyclotron produced [18F]fluoride was first separated from target [18O]water via trapping on 
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a quaternary methyl ammonium (QMA) anion exchange cartridge and subsequently eluted 

using a mixture of aqueous K2CO3, [2.2.2]cryptand (Kryptofix® 222) and acetonitrile. The 

aminopolyether Kryptofix® 222 serves as phase transfer catalysator enhancing fluoride-

nucleophilicity and -solubility in organic solvents via complexation of the potassium 

counter ion.50,51 Since hydrated [18F]fluoride is strongly inactivated for nucleophilic 

reactions, complete removal of residual water plays a crucial role and was realized via 

azeotropic evaporation of the solvent. Nucleophilic substitution of the added precursor Ts-

TEG-N3 was achieved within 10 min at 90 °C. Further processing of the crude product 

consecutively included HPLC purification, dilution, polymer-based solid phase extraction 

using diethylether as eluent and evaporation of the solvent. The whole procedure lasted 

100 min and therefore slightly less than one half-life of the radionuclide. The 18F-labeled 

click synthon [18F]F-TEG-N3 was obtained with a decay corrected radiochemical yield of 

53 %. 

As shown in Scheme 4, residual unoccupied alkyne groups were used for radiolabeling of 

the KuE.SA-functionalized BisHD-hbPG via repeated CuAAC using previously synthesized 

[18F]F-TEG-N3. Therefore, the polyether lipid was combined with the radiolabeled synthon 

and the click reaction was initiated via addition of copper(II) sulfate and sodium ascorbate 

analogously to the KuE-functionalization described above. In this case, an elevated 

temperature of 70 °C was used to accelerate the conversion of reactants. As determined via 

radio-TLC (Figure 5), completion of the reaction could be confirmed already after 15 min as 

indicated by almost quantitative radiochemical yield (98.8 %). To separate cytotoxic copper, 

the reaction mixture was subsequently passed through a Chelex 100 chelating resin. A 

distinct blue layer at the very top of the cartridge indicated successful removal of the 

catalytic metal ion. Furthermore, Wagener et al. confirmed the efficiency of this method via 

the absence of precipitated copper sulfide after addition of sodium sulfide to the purified 

solution.33 For maximum product recovery, the resin was additionally flushed with ethanol 

resulting in an aqueous-ethanolic solution of radiolabeled polyether lipid. In the case of 

BisHD-hbPG-KuE.SA, total duration of this synthesis step accounted for 32 min and the 

18F-labeled analogue could be obtained with a decay corrected radiochemical yield of 73 %. 
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For comparison, non-KuE-modified BisHD-hbPG was radiolabeled analogously (81 % RCY, 

45 min). 

 

Figure 5: Radio-TLC image (right) and analyzed TLC chromatogram (left) showing the 18F-

labeling (CuAAC) results of ([18F]F-TEG-triazolyl)-BisHD-hbPG-KuE.SA after 15 min at 

70 °C (solid phase: silica gel, mobile phase: ethylacetate:hexane 1:1; 18F-labeled polyether 

lipid: Rf = 0, [18F]F-TEG-N3: Rf = 0.8-0.9). The chromatogram position of 200 pixels 

indicates the TLC-baseline. 

3.1.2.4 Liposome Formation and Characterization 

As already mentioned, liposomes are typically prepared using amphiphilic phospholipids 

containing of a hydrophylic “head” and two hydrophobic “tails”. Upon contact with polar 

solvents (e.g. water), these molecules spontaneously arrange themselves to form mono- and 

bilayers as well as spheric structures such as micelles or vesicular liposomes. In this study 

we used DOPC as structure-defining component. This zwitterionic phospholipid has a low 

gel-fluid phase transition temperature of approx. -22 °C and therefore enables preparation 

of fluid-state liposomes at room temperature.52,53 For further stabilization, we additionally 

used cholesterol, which occupies free space of the bilayer and therefore decreases the 

flexibility and mobility of surrounding fluid-phase lipids leading to an increased mechanical 

rigidity, decreased water permeability and reduced aggregation-tendency of the liposomal 

system.54–58 Ethanolic solutions of these two components (55 mol% DOPC, 40 mol% 
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cholesterol) were blended with the previously 18F-labeled, KuE-functionalized BisHD-hbPG 

(5 mol%) and liposome preparation via thin film hydration was achieved according to the 

procedure described by Wagener et al.33,34 Therefore, removal of the solvents under reduced 

pressure using a rotary evaporator led to a thin oily layer of the different constituents. 

Subsequently, large multilamellar vesicles of hetereogeneous size distribution were formed 

via hydration using PBS and ultrasonication. In order to obtain small uniform unilamellar 

liposomes, the suspension was extruded repeatedly through polycarbonate membranes of 

different pore sizes (400, 100 and 50 nm) using a custom-built automatic extrusion device. 

In contrast to manually driven extrusion, the applied device ensures constant speed and 

pressure leading to reproducible and narrow size distribution while minimizing the 

radiation exposure to the experimentalist.33 Removal of smaller components like 

unassembled lipids and micelles was achieved via fractionated SEC (SI-Figure 19) resulting 

in a purified suspension of 18F-labeled, KuE-functionalized and hbPG shielded liposomes 

with a decay corrected radiochemical yield of 25 %. Duration of the entire procedure 

accounted for 82 min. For comparison, 18F-labeled but non-KuE-functionalized liposomes 

were prepared analogously (14 % RCY, 75 min). The following Figure 6 shows the schematic 

structure of the 18F-labeled, KuE-SA-functionalized and hbPG shielded liposomes. 

 

Figure 6: Schematic cross-section displaying the structure of the 18F-labeled, KuE-SA-

functionalized and hbPG-shielded liposomes. 
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After complete decay of the activity, the size of both KuE.SA-bearing and non-KuE-

functionalized liposomes was measured via DLS (SI-Table 1, SI-Figure 20-SI-Figure 22). The 

BisHD-hbPG-alkyne liposomes indicated a diameter of 157.5 nm, for the analogous 

KuE.SA-bearing liposomes a higher value of 199.1 nm was measured. The significant 

difference in size may result from the measurement, as the sample of functionalized 

liposomes exhibits fluorescence, which may distort the measurement result. For this reason, 

the PDIs of the measured samples also differ (SI-Table 1). Since preparation, processing and 

extrusion was carried out analogously for both systems, the difference in size is presumably 

based on an increased steric demand due to KuE.SA-functionalization of the polyether lipid. 

Additionally, it may also be partly influenced by the measurement itself, as the sample of 

functionalized liposomes exhibits fluorescence, which may distort the DLS-results. The 

liposomal size plays a crucial role for the pharmacological behavior in vivo. Ideally, the 

hydrodynamic diameter should on the one hand be large enough to prevent interaction with 

hepatocytes and thus filtration through the liver, which occurs up to a particle size of 50-

100 nm.59 On the other hand, it should not exceed 300 nm to avoid an increased 

accumulation in the spleen.60 Furthermore, (non-functionalized) liposomes with sizes 

ranging from 100 to 200 nm were reported to take advantage of tumor permeability most 

effectively resulting in optimal target uptake.59,61 The dimensions of both liposomal systems 

described herein meet these requirements and were comparable to the values of similar 

vesicles reported in the literature.34 The liposomes containing KuE.SA-functionalized 

BisHD-hbPG therefore represent promising tools for targeted drug delivery in the treatment 

of PSMA-expressing prostate cancer. Furthermore, utilization of the 18F-labeled vesicles 

should ensure in vivo evaluation of the pharmacokinetics via PET in future follow-up 

studies. 

3.1.3 Conclusion 

In this study, the synthesis of an alkyne-functionalized hyperbranched polyglycerol with a 

long hydrophobic alkyl chain anchor (BisHD-hbPG) via AROP on the one hand and of a 

squaramide coupled PSMA inhibitor (KuE.SA) on the other hand is described. To combine 

these two structures, Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC) was used. For 

this purpose, BisHD-hbPG was functionalized with alkyne groups and the PSMA inhibitor 
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was modified with an azide group. In a second CuAAC the BisHD-hbPG-KuE.SA polymers 

were radiolabeled with a previously synthesized 18F-labeled precursor. To obtain PSMA-

specific drug delivery systems with a prolonged circulation behavior in the blood stream, 

liposomes were formed via thin film hydration method. The syntheses and radiolabeling 

were straightforward and achieved high yields. By combining the KuE.SA functionalized 

liposomes and the radiolabeling with fluorine-18, a promising system for future targeted 

drug delivery in the treatment of prostate cancer was introduced. This enables prostate 

cancer-targeted delivery of liposome-entrapped therapeutics and pre-evaluation of 

liposome behavior in vitro and in vivo via positron emission tomography (PET).  
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3.1.5 Supporting Information 

3.1.5.1 Synthesis of the hydrophobic anchor structure 

Synthesis of BisHD-OH 

 

SI-Scheme 1: Synthesis route of the hydrophobic anchor structure. 

1H NMR (400 MHz, Chloroform-d) δ (ppm) = 3.72 – 3.41 (m, 9H, CH2-O and CH2-CH-O), 

1.61 – 1.49 (m, 4H, CH2-CH2-O), 1.25 (s, 52H, CH2), 0.88 (t, J = 6.8 Hz, 6H, CH3-CH2). 

 

SI-Figure 1: 1H NMR spectrum (400 MHz, chloroform-d3) of BisHD-OH. 
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3.1.5.2 Polymer synthesis and characterization 

Synthesis of BisHD-linPG macroinitiator 

 

SI-Scheme 2: Synthesis route of BisHD-P(EEGE). 

 

SI-Figure 2: 1H NMR spectrum (400 MHz, chloroform-d3) of BisHD-P(EEGE). 

 

 

SI-Scheme 3: Synthesis route of the macroinitiator BisHD-linPG. 
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SI-Figure 3: 1H NMR spectrum (400 MHz, DMSO-d6) of BisHD-linPG. 

Synthesis of BisHD-hbPG 

 

SI-Scheme 4: Synthesis route of BisHD-hbPG. 
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SI-Figure 4: 1H NMR spectrum (400 MHz, pyridine-d5) of BisHD-hbPG. 

Synthesis of BisHD-hbPG-alkyne 

 

SI-Scheme 5: Synthesis route of BisHD-hbPG-alkyne. 
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SI-Figure 5: 1H NMR spectrum (400 MHz, pyridine-d5) of BisHD-hbPG-alkyne. 

 

SI-Figure 6: 1H, 13C HSQC NMR spectrum (400 MHz, pyridine-d5) of BisHD-hbPG-alkyne. 
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3.1.5.3 Synthesis of KuE.SA.N3 

Synthesis of 2-(3-(5-Amino-1-carboxy-pentyl)ureido)pentanedioic acid (L-lysine-urea-L-

glutamate (KuE) 

  

SI-Scheme 6: Synthesis route of KuE. 

 

 

SI-Figure 7: 1H NMR spectra (300 MHz, D2O) of KuE. 

 

javascript:
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Synthesis of 2-(3-(1-Carboxy-5-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)pentyl)-

ureido)-pentanedioic acid (KuE.SA)  

  

SI-Scheme 7: Synthesis route of KuE.SA. 

 

 

SI-Figure 8: 1H NMR spectrum (300 MHz, D2O) of KuE.SA. 
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SI-Figure 9: 13C NMR spectrum (300 MHz, D2O) of KuE.SA. 

Synthesis of 2-Azidoethylamine 

 

 

SI-Scheme 8: Synthesis route of 2-Azidoethylamine. 
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SI-Figure 10: 1H NMR spectrum (300 MHz, CDCl3) of 2-Azidoethylamine. 

 

SI-Figure 11: 13C NMR spectrum (300 MHz, CDCl3) of 2-Azidoethylamine. 
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Synthesis of 2-(3-(5-((2-((2-azidoethyl)amino)-3,4-dioxocyclobut-1-en-1-yl)amino)-1-

carboxypentyl)ureido)pentanedioic acid (KuE.SA.N3) 

  

SI-Scheme 9: Synthesis route of KuE.SA.N3. 

 

 

SI-Figure 12: 1H NMR spectrum (400 MHz, D2O) of KuE.SA.N3. 
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SI-Figure 13: 13C NMR spectrum (400 MHz, D2O) of KuE.SA.N3. 

Synthesis of the KuE.SA.triazolyl-BisHD-hbPG 

 

SI-Scheme 10: Synthesis of the KuE.SA.triazolyl-BisHD-hbPG.  
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SI-Figure 14: 1H NMR spectrum (600 MHz, pyridine-d5) of the KuE.SA.triazolyl-BisHD-

hbPG. 

 

SI-Figure 15: Zoom-in 1H NMR spectrum (600 MHz, pyridine-d5) of the KuE.SA.triazolyl-

BisHD-hbPG. 
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SI-Figure 16: 13C NMR spectrum (151 MHz, pyridine-d5) of the KuE.SA.triazolyl-BisHD-

hbPG. 

 

SI-Figure 17: 1H, 13C HSQC NMR spectrum (600 MHz, pyridine-d5) of the KuE.SA.triazolyl-

BisHD-hbPG. 
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SI-Figure 18: Zoom-in 1H, 13C HSQC NMR spectrum (600 MHz, pyridine-d5) of the 

KuE.SA.triazolyl-BisHD-hbPG. 

3.1.5.4 SEC elugram of the 18F-labeled BisHD-hbPG-KuE.SA liposomes 

 

 

SI-Figure 19: SEC elugram displaying the distribution of radioactivity in consecutive 

fractions of 0.5 mL PBS during purification of 18F-labeled BisHD-hbPG-KuE.SA liposomes. 
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3.1.5.5 DLS measurement 

SI-Table 1: DLS measurement data of the liposomes BisHD-hbPG-alkyne and BisHD-hbPG-

KuE.SA. 

Sample 
Z-Average a 

d.nm 

Size a 

d.nm 

Intensity a 

% 

PDI a 

BisHD-hbPG-alkyne liposomes 144.9 157.5 100 0.071 

BisHD-hbPG-KuE.SA liposomes 167.4 199.1 100 0.206 

a Determined by DLS via Zetasizer. 

 

SI-Figure 20: DLS measurement of the liposomes BisHD-hbPG-alkyne. 
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SI-Figure 21: DLS measurement of the liposomes BisHD-hbPG-KuE.SA. 

 

 

SI-Figure 22: Overlay of the DLS measurements of the liposomes BisHD-hbPG-alkyne 

(green) and BisHD-hbPG-KuE.SA (red). 
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Abstract 

Poly(ethylene glycol) (PEG) is a commonly used polymer for a wide variety of applications. 

In this work, the synthesis route for a new glycidyl ether monomer based on the structure 

of thiazolidine derivatives is described to prepare well-defined, multifunctional PEGs with 

stimuli-responsive moieties in the side chains. The thiazolidine ethanol derivatives used as 

precursors for the preparation of glycidyl ethers were used as initiators for the 

polymerization of ethylene oxide (EO) to study the stability of the compounds under the 

conditions of the anionic ring-opening polymerization (AROP). 

Both homopolymers and statistical copolymers with different amounts of thiazolidine 

moieties and EO were obtained via anionic ring-opening polymerization  with comparable 

molecular weights of approx. 5000 g/mol. The microstructure of the copolymers was studied 

by in situ 1H NMR kinetics and showed a random monomer distribution (reactivity ratios: 

rEO = 0.74 ± 0.00 and rITEGE = 1.34 ± 0.00). The responsive properties of the copolymers were 

investigated using the example of oxidation by hydrogen peroxide solution via NMR 

spectroscopy and SEC measurements. To verify the application in biological or medical 

systems, toxicity tests were performed by MTT assays. 
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4.1.1 Introduction 

Polyethylene glycol (PEG) is a versatile material that is used in numerous pharmaceutical 

and medical applications, due to its good water solubility, low toxicity, immunogenicity. Its 

shielding properties are exploited in nanomedicine, generally known as the "stealth" effect 

of PEGylated therapeutics.1,2 In addition to the advantageous properties, however, there is 

one significant disadvantage: the low functionality.3,4 Only the polymer terminus can be 

used for further functionalization. However, this problem can be counteracted by using 

other epoxide monomers with functional groups that can be designed as required. By 

copolymerizing these epoxide monomers with ethylene oxide (EO) via anionic ring-opening 

polymerization (AROP), tailored, narrowly distributed, multifunctional polymers can be 

prepared. Of particular interest for the selection of epoxide monomers are systems that can 

vary their properties by a stimulus. From a biological point of view possible stimuli can be 

divided into two classes: physiological stimuli, such as pH values, redox processes, 

enzymatic activities, electrolyte and monosaccharide concentrations, and external physical 

stimuli, such as light, electromagnetic fields, mechanical forces and ultrasound.5,6  

In particular, pH-responsive polymers are of significant interest, because pH values can 

vary widely within the body. These range extends from the acidic environment in the 

stomach (pH = 2) to basic pH values in the intestine (pH = 5-8), which must be taken into 

account especially for the oral administration of active ingredients.7 In contrast, the pH 

differences of different tissue structures and cellular compartments are much smaller. For 

example, the extracellular pH of tumor tissue and inflammatory tissue (pH = 6.5-7.2) is 

minimally lower than in healthy tissue and blood (pH ~ 7.4).7–9 In the endosome (pH = 5.0-

6.5) and lysosome (pH = 4.5-5.0), pH is even lower.10,11 Physiological pH gradients render 

pH-responsive polymers promising candidates for the use in biomedical applications.12  

pH-responsive and ionizable polymers possess acidic functional groups, such as carboxylic 

or sulfonic acid groups and/or basic groups such as primary, secondary or tertiary 

amines.5,13,14 The change in pH leads to ionization (protonation or deprotonation) of the 

pH-sensitive group, commonly resulting in drastic changes in the solubility of the respective 

polymers.  
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The use of tertiary amines as pH-responsive moieties is well established in (meth)acrylate 

based polymers and is widely used in pharmaceutical technology, for instance in case of 

Eudragit® used to control the release of drugs.15,16 Although there is a variety of different 

structures in this field, tertiary amines are underrepresented in the field of functional 

polyethers.17–19 Only a few groups have already addressed the use of polyethers with 

tertiary amines for the synthesis of pH-responsive copolymers with ethylene oxide (EO).20–

23 For example, Lynd et al. introduced statistical copolymers with N,N-diisopropylamine 

units as a promising possibility for pH-responsive systems.24 Furthermore, glycidyl amines 

are known for the AROP with EO, but they differ from glycidyl ether amines not only 

structurally, but mainly with regard to the reactivity ratios. For this reason, glycidyl amines 

form in most cases a tapered microstructure in copolymerizations with EO, whereas glycidyl 

ether amines show a random monomer distribution in copolymerizations with EO.22 

As already mentioned, redox processes can also act as a stimulus on polymers and have led 

to an important class of polymers besides pH-responsive systems. Similar to the different 

pH ranges in the body, there are naturally occurring redox processes, which can also be 

used as a stimulus. Both oxidative and reductive processes are possible. Oxidative processes 

occur in the extracellular fluid, inflamed tissue and tumor tissue, whereas reductive 

processes occur in the cell.25 An example of an oxidation-responsive system is the triblock 

copolymer PEG-PPS-PEG, consisting of PEG-polypropylene sulfide (PPS). Oxidizing 

substances such as hydrogen peroxide (H2O2), e.g. from a glucose-oxidase/glucose-oxygen 

system, oxidize the hydrophobic PPS core and convert it into hydrophilic polysulfoxides and 

polysulfones. Due to the oxidation, a change in the properties of the polymer takes place.26 

An epoxide monomer with a thioether group was introduced by our group in previous 

work.27 This monomer was copolymerized with EO to prepare thioether functional PEGs. 

These could subsequently be used as oxidation-responsive systems. 

In this work, we present the development of an epoxide monomer, that combines the 

beneficial properties of tertiary amines and thioethers in one molecule. To incorporate both 

functionalities into a glycidyl ether, the synthesis was based on thiazolidine derivatives. 

Various thiazolidine derivatives were synthesized and these were converted to thiazolidine 

alcohols. To test the stability of the thiazolidine ring of the different derivatives under the 
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conditions of AROP, the thiazolidine alcohols were used as initiators for the polymerization 

of EO. In the process, a suitable candidate for the synthesis of a glycidyl ether was found. 

After successful synthesis of the thiazolidine-based glycidyl ether 2-isopropylthiazolidine 

ethyl glycidyl ether (ITEGE), it was copolymerized with EO to produce thiazolidine-

functional PEGs and also the homopolymer. The monomer sequence statistics of the 

copolymers was investigated by in situ 1H NMR kinetics. Furthermore, the toxicity was 

investigated by cell viability studies. 

4.1.2 Experimental part 

Terminology 

The thiazolidine derivatives employed are 2,2-dimethylthiazolidine (DMT), 2-isopropyl–

thiazolidine (IT) and 2-(tert-butyl)thiazolidine (TBT). They were used for the synthesis of 

the 2-alkylthiazolidine ethanol derivatives 2-(2,2-dimethylthiazolidin-3-yl)ethan-1-ol 

(DMTOH), 2-(2-isopropylthiazolidin-3-yl)ethan-1-ol (ITOH), 2-(2-(tert-butyl)thiazolidin-3-

yl)ethan-1-ol and thiazolidine for the synthesis of 2-(thiazolidin-3-yl)ethan-1-ol (TOH). 

TOH and ITOH were used for the synthesis of the 2-alkylthiazolidine ethyl glycidyl ethers: 

thiazolidine ethyl glycidyl ether (TEGE) and 2-isopropylthiazolidine ethyl glycidyl ether 

(ITEGE). Copolymers with ethylene oxide (EO) and ITEGE prepared via anionic ring-

opening polymerization (AROP) are named P(EG-co-ITEGE), the homopolymer is named 

P(ITEGE). 

Instrumentation 

1H NMR (300 MHz), 13C NMR (75 MHz) and 2D spectra were recorded on a Bruker Avance 

III HD 300 (5 mm BBFO-Probe with z-Gradient and ATM). 1H NMR (400 MHz), 13C NMR 

(100 MHz), 31P NMR (121.5 MHz) and 2D spectra were measured on a Bruker Avance II 

400 MHz (5 mm BBFO-Probe Z-gradient and ATM, SampleXPress 60 auto sampler). The 

chemical shifts were internally referred to residual proton signals of the deuterated solvent. 

Size exclusion chromatography (SEC) was performed at 50 °C in N,N-dimethylformamide 

(with 1 g/L lithium bromide added) as eluent on an Agilent 1,100 Series equipped with 

Polymer Standards Service (PSS) HEMA columns with 300/100/40 Å porosity and a RI 
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detector. The determination of the molecular weights was determined by a calibration with 

poly(ethylene glycol) standards by PSS. 

Differential scanning calorimetry (DSC) measurements were carried out under a nitrogen 

atmosphere using a Perkin Elmer DSC 8,500 in the temperature range of -95 °C to 100 °C, 

with heating rates of 20 °C/min for the first and 10 °C/min for the second heating run. 

Cell viability studies (MTT assays) were measured using a Spark 10M plate reader from the 

Tecan group. 

Materials 

All solvents and reagents were purchased generally from the suppliers Acros Organics, 

Tokyo Chemical Industry (TCI), Sigma-Aldrich, Fluka, Fisher Scientific, Alfa Aesar and 

were used as received unless otherwise stated. Deuterated solvents were purchased from 

Deutero GmbH. Dialysis membranes (regenerated cellulose, MWCO = 1000 g/mol) were 

purchased from Orange Scientific. HeLa and HEK293 cell lines were purchased from DSMZ. 

Synthesis procedure  

Synthesis of 2-Alkylthiazolidines 

All thiazolidine derivatives were prepared analogously according to a synthesis procedure 

by Shibamoto et al.28 

The synthesis procedure is described as a representative example for the preparation of 

2-isopropylthiazolidine (IT) with isobutyraldehyde as carbonyl component. 

In a round bottom flask, cysteamine hydrochloride (30.0 g, 0.26 mol, 1 eq.) was dissolved in 

water (300 mL). Isobutyraldehyde (19.0 g, 0.26 mol, 24.1 mL, 1 eq.) was then added and the 

solution was stirred for 24 hours at room temperature. After 24 hours, a cold K2CO3-solution 

(0.28 g/mL, 200 mL) was added to the reaction solution. The organic phase was extracted 

with dichloromethane (3x100 mL), dried with MgSO4 and the organic solvent was 

evaporated. The colorless oil was used without further workup (yield: 28.87 g, 0.22 mol, 

85 %). 



4 THIAZOLIDINE FUNCTIONAL POLYETHERS 

259 
 

1H NMR (400 MHz, chloroform-d) δ[ppm] = 4.30 (d, J = 7.5 Hz, 1H, NH-CH-S), 3.63 – 3.49 

(m, 1H, NH-CH2-CH2-S), 3.03 – 2.91 (m, 2H, NH-CH2-CH2-S, NH-CH2-CH2-S), 2.83 – 2.74 

(m, 1H, NH-CH2-CH2-S), 1.98 – 1.84 (m, 1H, CH3-CH-CH3), 1.60 (s, 1H, -NH), 1.08 (dd, 

J = 18.1, 6.7 Hz, 6H, CH3). 

13C NMR (101 MHz, Chloroform-d) δ= 79.16 (1C, NH-CH-S), 52.61 (1C, NH-CH2-CH2-S), 

34.82 (1C, NH-CH2-CH2-S), 34.07 (1C, CH3-CH-CH3), 20.80 (1C, CH3), 20.46 (1C, CH3). 

Synthesis of 2-Alkylthiazolidine ethanol 

All thiazolidine ethanol derivatives were prepared according to literature.29 

The synthesis procedure is described as a representative example for the preparation of 

2-(2-isopropylthiazolidin-3-yl)ethan-1-ol (ITOH). 

In a three-necked flask equipped with a Dimroth condenser, dropping funnel and stirrer, 

N,N-Diisopropylethylamine (59.09 g, 0.46 mol, 60.30 mL, 1.5 eq.) was placed in dry 

chloroform (300 mL) under argon atmosphere. 2-Isopropylthiazolidine (40.00 g, 0.30 mol, 

1 eq.) was added to the solution via dropping funnel with stirring. The solution was stirred 

for 30 min at room temperature. Bromoethanol (49.51 g, 0.40 mol, 28.13 mL, 1.3 eq.) was 

added and the solution was heated at 50 °C for 5 days. The organic solvent was removed in 

vacuo, the residue was taken up in ethyl acetate, the resulting salt was filtered off and the 

residue was extracted with saturated NaHCO3-solution. The solvent was evaporated from 

the crude product and the final purification was carried out by fractional distillation 

(b.p.=86 °C, 0.001 mbar). The product was obtained as a colorless liquid (yield: 25.50 g, 

0.15 mol, 50 %). 

1H NMR (400 MHz, chloroform-d) δ [ppm] = 3.86 (d, J = 9.7 Hz, 1H, N-CH-S), 3.65 (dt, 

J = 9.6, 4.2 Hz, 2H, OH-CH2-CH2), 3.24 (dddd, J = 12.3, 5.8, 2.1, 0.9 Hz, 1H, N-CH2-CH2-S), 

3.08 – 2.98 (m, 1H, N-CH2-CH2-S), 2.97 – 2.84 (m, 2H, N-CH2-CH2-S), 2.64 – 2.57 (m, 1H, 

OH-CH2-CH2), 2.56 – 2.48 (m, 1H, OH-CH2-CH2), 1.71 – 1.60 (m, 1H, CH3-CH-CH3), 1.01 

(dd, J = 21.3, 6.6 Hz, 6H, CH3). 
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13C NMR (101 MHz, chloroform-d) δ [ppm] = 83.91 (1C, N-CH-S), 60.22 (1C, OH-CH2-CH2), 

56.73 (1C, OH-CH2-CH2), 55.99 (1C, N-CH2-CH2-S), 35.59 (1C, CH3-CH-CH3), 30.79 (1C, 

N-CH2-CH2-S), 20.75 (1C, CH3), 20.15 (1C, CH3). 

Synthesis of 2-Alkylthiazolidine ethyl glycidyl ether 

All thiazolidine ethyl glycidyl ether derivatives were prepared in slightly modified form via 

phase transfer catalysis.30 

The synthesis procedure is described as a representative example for the preparation of 

2-isopropylthiazolidine ethyl glycidyl ether (ITEGE). 

Isopropylthiazoldine ethanol (10.00 g, 57.00 mmol, 1 eq.) was added to a mixture of 50 % 

aqueous NaOH solution (150 mL) and benzene (150 mL) in a three-necked flask with 

dropping funnel and electric stirrer. The phase transfer catalyst Tetrabutylammonium 

hydrogen sulfate (TBAHS) (1.94 g, 5.70 mmol, 0.1 eq.) was added to this solution with rapid 

stirring. The reaction mixture was cooled to 0 °C and epichlorohydrin (15.83 g, 

171.10 mmol, 13.40 mL, 3 eq.) was slowly added via dropping funnel. The reaction was 

stirred at room temperature until no alcohol was detectable via TLC (approximately 5 hours 

reaction time). After the reaction time, benzene (150 mL) was added to the solution, the 

solid was filtered off, and the organic phase was extracted with brine. The combined organic 

phases were dried over NaSO4 and the solvent was removed in vacuo. The final purification 

was performed by fractional distillation in high vacuum (b.p.=98 °C, 0.001 mbar). The 

product was obtained as a colorless, viscous liquid (yield: 7.25 g, 31.34 mmol, 55 %). 

1H NMR (300 MHz, chloroform-d) δ [ppm] = 3.95 (d, J = 9.8 Hz, 1H, N-CH-S), 3.80 (dd, 

J = 11.6, 2.9 Hz, 1H, O-CH-CH2-O), 3.74 – 3.54 (m, 2H, O-CH2-CH2), 3.47 – 3.36 (m, 1H, O-

CH-CH2-O), 3.32 – 3.21 (m, 1H, N-CH2-CH2-S), 3.21 – 3.12 (m, 1H, O-CH-CH2), 3.10 – 2.97 

(m, 1H, N-CH2-CH2-S), 2.88 (dd, J = 10.1, 3.1 Hz, 2H, N-CH2-CH2-S), 2.81 (t, J = 4.6 Hz, 1H, 

O-CH2-CH), 2.66 – 2.51 (m, 3H, O-CH2-CH, O-CH2-CH2), 1.70 – 1.53 (m, 1H, CH3-CH-

CH3), 1.07 – 0.93 (m, 6H, CH3). 

13C NMR (75 MHz, chloroform-d) δ [ppm] = 84.87 (1C, N-CH-S), 71.87 (1C, O-CH-CH2-O), 

71.78 (1C, O-CH-CH2-O), 70.99 (1C, O-CH2-CH2), 56.89 (1C, N-CH2-CH2-S), 53.95 (1C, O-

CH2-CH2), 53.93(1C, O-CH2-CH2), 50.86 (1C, O-CH-CH2), 50.84 (1C, O-CH-CH2), 44.23 (1C, 
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O-CH2-CH), 44.18 (1C, O-CH2-CH), 35.36 (1C, CH3-CH-CH3), 30.91 (1C, N-CH2-CH2-S), 

20.96 (1C, CH3), 20.19 (1C, CH3). 

Synthesis of 2-alkylthiazolidine ethanol initiated PEG polymers 

The polymerization of ethylene oxide (EO) using the 2-alkylthiazolidine ethanol derivatives 

as initiators was performed based on literature for other glycidyl ethers with adjusted 

reaction procedure.30 

The synthesis is described for IT-PEG117 with 2-(2-isopropylthiazolidin-3-yl)ethan-1-ol 

(ITOH) as initiator as a representative example. All other samples were synthesized in the 

same fashion.  

In a dry flask the initiator ITOH (68.00 mg, 0.39 mmol, 1 eq.) and CsOH mono hydrate 

(59.00 mg, 0.35 mmol, 0.9 eq.) were dissolved in benzene (5 mL) and dry THF (5 mL), stirred 

under slightly reduced pressure at 50 °C for 30 minutes and subsequently dried in high 

vacuum for 16 hours. The resulting initiator salt was dissolved in dry DMSO (6 mL), and 

the flask was cooled to -80 °C with an ethanol/nitrogen cooling bath. Ethylene oxide (1.94 g, 

44.10 mmol, 2.00 mL, 113 eq.) was condensed via a graduated ampule into the flask. The 

reaction mixture was stirred in vacuo at room temperature for 48 hours. Subsequently, 

methanol (1 mL) was added, and the flask was flushed with argon. The resulting polymer 

IT-PEG117 was precipitated three times in a mixture of diethyl ether/acetone (70:30 vol%) 

and separated via centrifuge. The polymer was dried under reduced pressure at room 

temperature for 24 hours (yield: 90 %).  

1H NMR (300 MHz, DMSO-d6) δ [ppm] = 3.82 (d, J = 5.0 Hz, 1H, N-CH-S), 3.51 (s, 469H, 

backbone, N-CH2-CH2-O), 3.16 – 3.02 (m, 1H, N-CH2-CH2-S), 2.74 – 2.57 (m, 5H, N-CH2-

CH2-S, N-CH2-CH2-S, N-CH2-CH2-O), 1.70 – 1.54 (m, 1H, CH3-CH-CH3), 0.85 (dd, J = 12.1, 

6.8 Hz, 6H, CH3). 

13C NMR (75 MHz, DMSO-d6) δ [ppm] = 100.73 (1C, N-CH-S), 72.81, 70.95 – 70.01 (234C, 

backbone), 64.33 (1C, N-CH2-CH2-O), 60.66 (1C, CH2-OH), 54.68 (1C, N-CH2-CH2-O), 52.09 

(1C, N-CH2-CH2-S), 31.62, 31.39 (2C, CH3-CH-CH3, N-CH2-CH2-S) 19.17 (1C, CH3), 16.96 

(1C, CH3). 
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Synthesis of P(ITEGE) homopolymer 

In a dry Schlenk flask the initiator 2-(benzyloxy)ethanol (9.00 mg, 0.06 mmol, 1 eq.) and 

CsOH mono hydrate (8.00 mg, 0.05 mmol, 0.8 eq.) were dissolved in benzene (5 mL) and 

stirred under slightly reduced pressure at 50 °C for 30 minutes and subsequently dried in 

high vacuum for 16 hours. The monomer was dried over CaH2. The initiator salt was 

dissolved in dry DMSO (3 mL) and the monomer ITEGE (1.73 mmol, 400.24 mg, 28 eq.) was 

added to the solution. The solution was stirred and heated to 40 °C for 3 days. Subsequently, 

methanol (1 mL) was added, and the flask was flushed with argon. The resulting polymer 

P(ITEGE)29 was precipitated three times in a mixture of diethyl ether/acetone (70:30 vol%) 

and separated via centrifuge. The polymer was dried under reduced pressure at room 

temperature for 24 hours (yield: 90 %).  

1H NMR (400 MHz, methylene chloride-d2) δ [ppm] = 7.36 – 7.22 (m, 5H, Harom), 4.52 (s, 

2H, Carom-CH2-O), 3.89 (d, J = 9.7 Hz, 29H, N-CH-S), 3.78 – 3.35 (m, 203H, backbone, O-

CH2-CH2-O, O-CH2-CH2-N), 3.30 – 3.16 (m, 29H, N-CH2-CH2-S), 3.01 – 2.90 (m, 29H, N-

CH2-CH2-S), 2.87 – 2.74 (m, 58H, N-CH2-CH2-S), 2.62 – 2.43 (m, 58H, O-CH2-CH2-N), 1.64 

– 1.45 (m, 29H, CH3-CH-CH3), 1.02 – 0.85 (m, 169H, CH3). 

13C NMR (101 MHz, methylene chloride-d2) δ [ppm] = 128.27, 127.58 (6C, Carom), 84.88 (1C, 

N-CH-S), 78.88 (29C, O-CH2-CH2-N), 73.03 (1C, Carom-CH2), 72.69 – 69.57 (89C, backbone, 

O-CH2-CH2-O), 64.52 (1C, CH2-OH), 56.67 (29C, N-CH2-CH2-S), 35.45 (29C, CH3-CH-CH3), 

30.76 (29C, N-CH2-CH2-S), 20.81 (29C, CH3), 19.89 (29C, CH3). 

Synthesis of P(EG-co-ITEGE) copolymers 

The polymerization was performed according to a standard procedure for the anionic ring-

opening polymerization of glycidyl ethers.27,31  

The following synthesis refers to P(EG98-co-ITEGE2). All other samples were synthesized in 

the same fashion with varied comonomer equivalents. 

In a dry flask the initiator 2-(benzyloxy)ethanol (9.00 mg, 0.06 mmol, 1 eq.) and potassium 

tert-butoxide (10.00 mg, 0.09 mmol, 0.8 eq.) were dissolved in benzene (5 mL) and stirred 

under slightly reduced pressure at 50 °C for 30 minutes and subsequently dried in high 
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vacuum for 16 hours. The monomer ITEGE was dried over CaH2. The initiator salt was 

dissolved in dry DMSO (5 mL) and the monomer ITEGE (52.00 mg, 0.23 mmol, 2 eq.) were 

added via syringe, and the flask was cooled to -80 °C in an ethanol/nitrogen cooling bath. 

Ethylene oxide (0.49 g, 11.00 mmol, 0.50 mL, 98 eq.) was condensed via a graduated ampule 

into the flask. The reaction mixture was stirred in vacuo at 50 °C for 48 hours. Subsequently, 

methanol (1 mL) was added, and the flask was flushed with argon. The resulting polymer 

P(EG98-ITEGE2) was precipitated three times in a mixture of diethyl ether/acetone (70:30 

vol%) and separated via centrifuge. Polymers with higher ITEGE contents were purified via 

dialysis against MeOH (MWCO = 1000 g/mol). The polymers were dried under reduced 

pressure at room temperature for 24 hours (yields: 75-90 %).  

1H NMR (400 MHz, methylene chloride-d2) δ [ppm] = 7.45 – 7.25 (m, 5H, Harom), 4.56 (s, 

2H, Carom-CH2-O), 3.93 (d, J = 9.7 Hz, 2H, N-CH-S), 3.86 – 3.39 (m, 472H, backbone, O-CH2-

CH2-O, O-CH2-CH2-N), 3.31 – 3.20 (m, 2H, N-CH2-CH2-S), 3.05 – 2.80 (m, 6H, N-CH2-CH2-

S), 2.67 – 2.46 (m, 6H, N-CH2-CH2-S, O-CH2-CH2-N), 1.67 – 1.50 (m, 2H, CH3-CH-CH3), 

0.98 (dd, J = 29.4, 6.6 Hz, 12H, CH3). 

13C NMR (101 MHz, methylene chloride-d2) δ [ppm] = 128.24, 127.66 (6C, Carom), 84.87 (2C, 

N-CH-S), 78.33 (2C, O-CH2-CH2-N), 73.05 (1C, Carom-CH2), 72.52 – 69.66 (236C, backbone, 

O-CH2-CH2-O), 61.57 (1C, CH2-OH), 56.64 (2C, N-CH2-CH2-S), 35.44 (2C, CH3-CH-CH3), 

30.70 (2C, N-CH2-CH2-S), 20.67 (2C, CH3), 19.82 (2C, CH3). 

Sample preparation for in situ 1H NMR kinetic studies 

Note that very small amounts of EO were necessary for kinetics measurements. It is rather 

difficult to measure such small amounts, which means that the targeted and calculated 

comonomer compositions of the NMR kinetics studies may differ. The sample preparation 

for in situ 1H NMR kinetics was performed in adaption to Herzberger and co-workers.32 The 

following procedure refers to a P(EG-co-ITEGE) kinetics experiment. 

A stock solution of the initiator was prepared in a dry Schlenk flask. For this purpose, five 

times the required equivalents of the initiator 2-(benzyloxy)ethanol (47.50 mg, 0.31 mmol, 

1 eq.) and five times of the required potassium tert-butoxide (31.50 mg, 0.28  mmol, 0.9 eq.) 

were dissolved in benzene (5 mL) and heated to 50 °C for 30 min and freeze dried overnight. 
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Subsequently, the flask was flushed with argon and dry DMSO-d6 (0.5 mL) was added. A 

dry Norell S-5-400-VT-7 NMR tube with Teflon seal was evacuated and cooled to -80 °C in 

a nitrogen/acetone cooling bath. Approximately EO (96.00 mg, 2.20 mmol, 0.1 mL, 35 eq.) 

were condensed in a NMR tube. The NMR tube was flushed with argon and the initiator 

stock solution (0.1 mL) was introduced into the NMR tube via syringe with constant argon 

counterflow and cooling. Subsequently, ITEGE (216.00 mg, 0.90 mmol, 0.24 mL, 15 eq.) and 

dry DMSO-d6 (0.4 mL) were added via syringe. The NMR tube was evacuated for several 

minutes under cooling and sealed afterwards. Before the kinetics measurement was started, 

the NMR tube was shaken vigorously to ensure a homogeneous reaction solution. The NMR 

tube was transferred in a pre-warmed (50 °C) NMR spectrometer and the measurement was 

started after stabilization of the temperature (~5 min, ΔT = 0.1 °C). Sample spinning was 

turned off during the measurement and two spectra were recorded per minute with one 

scan each. After 6 h data collection was stopped. Full monomer conversion was determined 

via NMR spectroscopy (Figure 7). 

Cell viability studies 

Prior to the cytotoxicity tests the corresponding polymers were purified by dialysis 

(regenerated cellulose, MWCO = 1000 g/mol) in PBS buffer solution and dried via freeze-

pump technique. 

The influence of polymers on HeLa and HEK293 cell lines was determined through a 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT) based cell viability assay. 

HeLa or HEK293 cells were cultured in growth medium without phenol red containing 

0.1 vol-% Penicilin and Streptomycin, 10 vol-% Fetal Bovine Serum, 0.1 vol-% Glutamax™ 

supplement, 0.2 vol-% glucose solution and 0.1 vol-% sodium pyruvate solution and seeded 

24 h before treatment in 200 µl medium (37,5k cells/ml) in 96-well plates. After the 

exchange of growth medium, cells were treated with lipid concentrations of 100, 10, 1 and 

0.1 mg/mL for 24 h. Afterwards 30 µL of a 5 mg/mL MTT solution in DPBS were added per 

well and incubated for 1 h. Medium was replaced with 200 µL of a (1:8 v/v) glycine buffer 

pH 10 and DMSO mixture and afterwards the 96-well plate was shaken for 15 min until the 

formazan crystals were dissolved. For analysis of cell viability, the absorbance at 595 nm 
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with background correction at 670 nm was measured using a plate reader. All 

measurements were performed in technical triplicates. 

4.1.3 Results and discussion 

4.1.3.1 Monomer synthesis 

The thiazolidine-based glycidyl ethers were synthesized in a three-step reaction procedure. 

Synthesis of the thiazolidine derivatives 

In the first step of the glycidyl ether monomer synthesis, different thiazolidine derivatives 

were synthesized. All thiazolidine derivatives were prepared according to a synthesis 

procedure reported by Shibamoto et al.28 

Thiazolidines are saturated five-membered heterocycles containing a thioether and a 

secondary amine.33 Their derivatives can be easily synthesized by the condensation of 

cysteamine hydrochloride and an aldehyde or ketone (Scheme 1).34 However, the 

thiazolidine formation is reversible. The ring can be reopened by addition of water and thus 

the reaction can be reversed. Different thiazolidine derivatives were prepared to prevent 

possible ring opening during polymerization. Ring opening could cause uncontrolled side 

reactions and should thus be prevented by using a suitable derivative. Since no suitable 

literature is available in this field with reaction parameters comparable to those of AROP, 

the influence on the stability of the ring is investigated in a subsequent section. 

 

Scheme 1: General procedure for the synthesis of thiazolidine derivatives by the 

condensation of cysteamine hydrochloride and an aldehyde or ketone. 

For the thiazolidine synthesis cysteamine hydrochloride was dissolved in water, one 

equivalent of the aldehyde/ketone was added, and the solution was stirred for 24 hours. 

After purification, the products could be obtained in high yields (over 75 %). The NMR 

spectra of the products can be taken from the SI (SI-Figure 1-SI-Figure 4). In Table 1 the 

aldehydes/ketones and the following thiazolidine derivatives are listed. 
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Table 1: Aldehyde/Ketone compound and the resulting thiazolidine derivative. 

Aldehyde/Ketone Product 

  

isobutyraldehyde 2-isopropylthiazolidine (IT) 

  

pivalaldehyde 2-(tert-butyl)thiazolidine (TBT) 

  

acetone 2,2-dimethylthiazolidine (DMT) 

 

Synthesis of 2-alkylthiazolidine ethanol 

In the next step, the thiazolidine derivatives were reacted to give the 2-alkylthiazolidine 

ethanol. The synthesis was carried out according to a prescription of Fernandéz-Zertuche 

et al.29 

In a nucleophilic substitution, the thiazolidine derivatives and bromoethanol were reacted 

with DIPEA as an auxiliary base at 40 °C. In addition to the synthesized thiazolidine 

derivatives, thiazolidine was purchased and reacted in the same manner. The general 

synthesis route is shown in Scheme 2. An overview of the products after the reaction of the 

thiazolidine derivatives with bromoethanol is shown in Figure 1. Characterization data 

obtained by 1H NMR spectroscopy can be found in the SI (SI-Figure 5-SI-Figure 9). 

 

Scheme 2: General synthesis route for 2-alkylthiazolidine ethanol. 
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2-(2,2-dimethylthiazolidin-3-yl)ethan-1-ol 2-(thiazolidin-3-yl)ethan-1-ol 

DMTOH TOH 

  

2-(2-isopropylthiazolidin-3-yl)ethan-1-ol 
2-(2-tert-butyl)thiazolidine-3-yl)ethan-1-

ol 

ITOH TBTOH 

Figure 1: Overview of the products after the reaction of the thiazolidine derivatives with 

bromoethanol. 

Synthesis of thiazolidine-based glycidyl ethers 

The alcohols 2-(thiazolidin-3-yl)ethan-1-ol (TOH) and 2-(2-isopropylthiazolidin-3-yl)ethan-

1-ol (ITOH) were used to prepare the thiazolidine-based glycidyl ethers. The synthesis was 

first carried out following the monomer synthesis of MTEGE by solid phase reaction 

according to a description of Herzberger et al.27 The alcohol was mixed with sodium 

hydroxide, and epichlorohydrin was added in excess. Final purification was carried out by 

fractional distillation. However, the yields obtained with this synthesis route were very low 

(between 15-25 %), and for this reason the process was switched to phase-transfer catalysis. 

The synthesis was carried out according to a procedure by Mangold et al.30 The synthesis 

routes of both methods are exemplified by the reaction of ITOH with epichlorohydrin in 

Scheme 3. 

 

Scheme 3: Synthesis routes for the synthesis of 2-isopropylthiazolidine ethyl glycidyl ether 

(ITEGE) via solid phase reaction (A) and phase-transfer catalysis (B). 
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Using phase-transfer catalysis, yields between 55-70 % were obtained after purification by 

distillation. In this method in particular, by-products may take place due to the basic 

elimination on epichlorohydrin followed by nucleophilic substitution, so the adjustment of 

reaction parameters to increase the yield is mandatory. The yield obtained here is in a good 

agreement with the yields of other glycidyl ethers prepared by phase-transfer catalysis.30 

The following Figure 2 shows the 1H NMR spectrum of ITEGE. All signals could be clearly 

assigned. Especially the diastereotopic protons of the epoxide ring (h, i, k) are clearly visible. 

More details of the 1H NMR spectrum of TEGE can be found in the SI (SI-Figure 10). 

 

Figure 2: 1H NMR spectrum (300 MHz, chloroform-d) of ITEGE. 

4.1.3.2 Polymer synthesis and characterization. 

DMTOH, TOH and ITOH initiated PEG polymers 

Ring opening of thiazolidine derivatives in AROP may lead to undesirable side reactions. 

For this reason, prior to the synthesis of the glycidyl ether amines, the stability of the ring 

was tested under the conditions of AROP using the thiazolidine ethanol derivatives as 

initiators to determine the best possible precursor for the synthesis of the glycidyl ether 
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amines. In a first series of experiments the alcohols DMTOH, TOH and ITOH were used as 

initiators for the polymerization of EO. The general synthesis procedure is shown in Scheme 

4. A degree of deprotonation of 90 % was chosen and the polymerizations were performed 

in DMSO at room temperature. Full monomer conversion was found via 1H NMR 

spectroscopy. 

 

Scheme 4: General synthesis procedure for the initiation of PEG with DMTOH, TOH and 

ITOH. 

Upon initiation with DMTOH and TOH, cleavage of the thiazolidine ring was detected by 

1H NMR spectroscopy. Furthermore, bimodal SEC elugrams could be observed for the 

polymers. This can be attributed to the fact that cleavage of the ring can lead to the 

formation of another initiation-capable by-product. In addition, the targeted molecular 

weights of 5000 g/mol could not be obtained, the molecular weights were always below 

3000 g/mol and lower (determined by NMR). More details can be found in the SI (SI-

Figure 24). 

In pronounced contrast, initiation by ITOH gave good results. Key characterization data of 

the resulting polymers is summarized in Table 2. The targeted degree of polymerization is 

in good agreement with the determined values for the obtained PEG. The molecular weight 

(Mn) was obtained from SEC in DMF using PEG standards and a monomodal molecular 

weight distribution with narrow dispersity was obtained (Ð = 1.15). The corresponding SEC 

trace of IT-PEG is shown in Figure 3. 
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Table 2: Characterization data of the ITOH initiated PEG polymer. 

Sample a 
EOtheo 

 

Mn NMR a 

g·mol-1 

Mn SEC b 

g·mol-1 

Ð b 

IT-PEG117 110 5320 3790 1.15 

a Obtained from 1H NMR spectroscopy. b Determined via SEC (RI, DMF, PEG standards). 
 
 

 

Figure 3: SEC trace (RI detector, DMF, PEG standards) of the ITOH initiated PEG polymer. 

The 1H NMR spectrum of the ITOH initiated PEG polymer is shown in Figure 4 with 

assigned signals. The molecular weight from 1H NMR spectroscopy was determined via 

integration of the proton (signal c) of the initiator. 
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Figure 4: 1H NMR spectrum (300 MHz, DMSO-d6) of IT-PEG. 

Based on the initiation tests with the thiazolidine ethanol derivatives, the monomer ITEGE 

proved to be promising due to the stability of the ring under AROP conditions. With the 

other derivatives, good results could not be obtained, so the following sections focused on 

the application of ITEGE. However, the other compounds could be polymerized via 

monomer activated ring-opening polymerization (MAROP) in future work, because this 

polymerization technique is characterized by its high tolerance for functional groups and 

mild reaction conditions (e.g. low temperature).35 

Copolymerization of EO and ITEGE (PEG-co-ITEGE) and homopolymerization of ITEGE 

(PITEGE) 

To synthesize copolymers by AROP of EO and ITEGE, the molar fractions of the two 

epoxide monomers were varied. As initiator 2-(benzyloxy)ethanol was used, because this 

allows the determination of the molecular weight via 1H NMR spectroscopy by integration 

of the isolated methylene group of the initiator. Furthermore, potassium tert-butoxide was 

used as a base, and DMSO as a solvent, which allowed full monomer conversion at all molar 
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fractions, as determined via 1H NMR spectroscopy. Quantitative removal of the solvent was 

achieved via precipitation of the copolymers in diethyl ether/acetone. The synthesis route 

is shown in Scheme 5. 

 

Scheme 5: Synthesis route for the copolymerization of EO and ITEGE to P(EO-co-ITEGE)via 

AROP. 

Homopolymerization was also carried out with the initiator 2-(benzyloxy)ethanol and 

potassium tert-butoxide, albeit solvent-free in bulk. However, this resulted in a broader 

molecular weight distribution (Ð = 1.17). Therefore, the approach was repeated, this time 

with the addition of crown ether ([18]crown-6). A better result was obtained in terms of 

dispersity (Ð = 1.12), but a shoulder in the higher molecular range was detected by SEC 

measurement. In the last approach, the homopolymer was prepared using cesium hydroxide 

mono hydrate in DMSO at 40 °C (Scheme 6). This synthesis route gave the best results with 

monomodal molecular weight distribution with a narrow dispersity (Ð = 1.06). The 1H NMR 

spectrum and 13C NMR spectrum as well as the results of the SEC measurements can be 

found in the SI (SI-Figure 15, SI-Figure 16, SI-Figure 25) 

 

Scheme 6: Synthesis route for the homopolymerization of ITEGE to P(ITEGE). 

The key characterization results for the P(EG-co-ITEGE) copolymers and the P(ITEGE) 

homopolymer are summarized in Table 3. 
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Table 3: Key characterization results for the P(EG-co-ITEGE) copolymers and the P(ITEGE) 

homopolymer. 

Sample a 
ITEGE theo 

mol% 

ITEGE a 

mol% 

Mn NMR a 

g·mol-1 

Mn SEC b 

g·mol-1 

Ð b Tg 

°C 

Tm 

°C 

P(EG98-co-ITEGE2) 1 1 4920 3970 1.07 -55 30 

P(EG79-co-ITEGE3) 5 5 4320 2880 1.06 -53 18 

P(EG84-co-ITEGE9) 10 10 5920 2830 1.05 -52 19 

P(EG53-co-ITEGE10) 15 16 4780 2210 1.06 -49 16 

P(EG44-co-ITEGE10) 20 19 4390 1620 1.09 -49 15 

P(EG15-co-ITEGE7) c 30 32 2420 1130 1.10 - - 

P(ITEGE28) 100 100 6590 1430 1.06 -25 - 

a Obtained from 1H NMR spectroscopy. b Determined via SEC (RI, DMF, PEG standards). c 1H NMR kinetics performed in a NMR tube. 

 

Copolymers with a molecular weight in the range of 4320 g·mol-1 to 5920 g·mol-1 (NMR) 

were synthesized with molar contents of ITEGE between 1 mol% and 32 mol%, which were 

in good agreement with the targeted values. The corresponding SEC traces of the series of 

copolymers are depicted in Figure 5, showing monomodal distributions with Ð ≤ 1.10. 

Molecular weights were determined via SEC and show a systematic deviation from the 

molecular weights determined via 1H NMR spectroscopy with increasing amount of 

incorporated ITEGE. This effect can be attributed to the hydrodynamic radii of the 

copolymers, which differ from the applied PEG standard with increasing amount of ITEGE. 
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Figure 5: SEC traces (RI detector, DMF, PEG standards) of P(EG-co-ITEGE) copolymers. 

A representative 1H NMR spectrum of a P(EG-co-ITEGE) copolymer is depicted in Figure 

6 with assignment of all characteristic proton signals. Further NMR spectra of P(EG-co-

ITEGE) are shown in SI-Figure 17-SI-Figure 21. 
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Figure 6: 1H NMR spectrum (400 MHz, methylene chloride-d2) of P(EG98-co-ITEGE2). 

The thermal behavior of the copolymers and the homopolymer was investigated via DSC 

measurements. For all copolymers, a Tg between -55 to -49 °C was determined. With 

increasing amounts of ITEGE units, a slight increase in Tg was observed. The lower Tg 

compared to PEG (Tg= -53 °C, Tm= 66 °C)1 can be explained by the flexibility of the side 

chains of the ITEGE units. Furthermore, for all copolymers melting temperatures (Tm) in 

the range of 50-15 °C were determined for all measured copolymers. The larger the ITEGE 

content of the polymers, the lower the melting temperature, since crystallization of the PEG 

chains is disturbed by the hydrophobic ITEGE moieties. The homopolymer had a Tg of -

25 °C, and a Tm could not be determined. This behavior is explained by the atactic nature of 

the polyethers formed, which renders crystallization impossible, as has been observed for a 

variety of other poly(glycidyl ethers) before.  
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4.1.3.3 In situ 1H NMR kinetic studies. 

In the past, kinetic investigations by in situ 1H NMR spectroscopy on anionic 

copolymerization of EO with various glycidyl ethers (GE) revealed an almost random 

distribution of GE units in the polyether chains, which translates to similar reactivity 

ratios.32 In 2016, our group investigated the copolymerization of EO and 2-(methylthio)ethyl 

glycidyl ether (MTEGE) in in situ 1H NMR experiments in DMSO-d6. The application of a 

nonterminal modal of chain copolymerization introduced by Jaacks et al.36 revealed a 

random copolymerization with reactivity ratios of rEO = 0.92 ± 0.02. and rMTEGE = 1.06 ± 0.02. 

Note that reactivity ratios are defined as r1 = k11/k12 and r2 = k22/k21 with 1 representing EO 

and 2 representing ITEGE as well as the rate constant k. Thus, we performed an in situ 1H 

NMR kinetic experiment of the copolymerization P(EO-co-ITEGE) to elucidate the 

distribution of ITEGE units along the polyether backbone (Figure 7).  

 

Figure 7: In situ 1H NMR experiment of the anionic copolymerization of P(EO-co-ITEGE) 

in DMSO-d6 at 50 °C.  

The anionic copolymerization was initiated by potassium 2-(benzyloxy)ethan-1-olate in 

DMSO-d6 at 50 °C. The monomer consumption Mx,t/Mx,t=0 over time was monitored for both 

monomers, enabling the determination of the consumption versus total conversion (Figure 

8). One spectrum every 30 s was recorded with one scan.  
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Figure 8: Monomer consumption versus time (left) and total conversion (right) evaluated by 

in situ 1H NMR experiments of the anionic copolymerization of P(EO-co-ITEGE) in DMSO-

d6 at 50 °C.  

By utilization of the Jaacks formalism, reactivity ratios were determined as rEO = 0.74 ± 0.00 

and rITEGE = 1.34 ± 0.00 with a coefficient of determination (R2) of 0.99 (SI-Figure 27).36 As 

expected, slightly preferred incorporation of ITEGE was observed in the early stages, 

resulting in a slight gradient shown in the molar composition diagram (SI-Figure 28). The 

presented results are in good agreement with the explanation given for P(EO-co-MTEGE). 

The authors ascribe the slightly increased reactivity of the glycidyl ether compared to EO 

to an enhanced coordination of the side chain to the potassium counterion, which is an 

equally suitable explanation for ITEGE. Hence, the Lewis basicity of the epoxide ring of the 

comonomer is increased, resulting in a higher reactivity. 

4.1.3.4 Stimuli-responsive behavior 

The responsive behavior of the copolymers was investigated using oxidation with hydrogen 

peroxide as an example. The oxidation of the polymers is of particular interest because both, 

the tertiary amine and the thioether of the thiazolidine ring can be oxidized.20,27,37 For the 

oxidation, 100 mg of the copolymer P(EG-co-ITEGE) containing 16 mol% ITEGE was mixed 

with 1 mL of H2O2 solution (30 %) and stirred for overnight at room temperature. At first 

glance, an optical change could be observed after about 30 min: the viscous, brownish-

colored polymer solution turned to a colorless, slightly turbid solution (see Figure 9).  
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Figure 9: Polymer before and after oxidation with H2O2 solution. 

The polymer was precipitated in ice-cold diethyl ether after the reaction time. This was not 

possible before oxidation; after oxidation, the polymer precipitated as a colorless solid in 

diethyl ether. After drying, the polymer could be obtained as a colorless transparent film. 

For further characterization, NMR measurements were performed and the polymer was 

analyzed by SEC. 

 

Figure 10: 1H NMR spectra (400 MHz, methylene chloride-d) of the P(EG-co-ITEGE) 

copolymer before and after oxidation with H2O2 solution. 

After oxidation, the NMR spectrum showed that the signals from the isopropyl groups of 

the thiazolidine ring has completely disappeared (Figure 10). This suggests that the groups 

are not stable under oxidative conditions. The characteristic signals a-c of the groups are 
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marked in blue in the spectrum (Figure 10). Furthermore, a shift of the signals of the methyl 

groups (e and d, marked in red) between the nitrogen and sulfur atom could be detected. 

The exact structure of the polymer cannot be determined precisely from the NMR spectrum, 

but a possible structure can be determined from the shifts in the 1H and 1H, 13C HSQC 

spectra (see SI-Figure 22, SI-Figure 23). Scheme 7 and Scheme 8 below lists the oxidation 

states of various nitrogen and sulfur compounds to identify a possible structure.38,39 

 

 

Scheme 7: Oxidation states of nitrogen compounds. 

 

Scheme 8: Oxidation states of sulfur compounds. 

If we consider the case where the isopropyl groups on the ring remain stable during 

oxidation, an N-oxide would form on the nitrogen and a sulfoxide or sulfone on the sulfur 

(paths A and C). More likely, because of the very strong oxidant, a sulfone would form along 

with the N oxide. In our case, however, we know that the isopropyl groups cannot withstand 

oxidation. Therefore, paths B and D must be considered: an N,N-hydroxylamine and a 
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sulfonic acid are formed with high probability. This assumption can be confirmed on the 

basis of the NMR spectra (SI-Figure 22, SI-Figure 23). 

When the polymer was measured after oxidation via SEC, a slight decrease in molecular 

weight from previously 2210 g/mol to 1960 g/mol was observed. However, the molecular 

weight distribution of 1.06 remained constant (see SI-Figure 26). 

The influence of different pH values on the copolymers was not investigated in this work, 

but will be studied by further experiments in the future. 

4.1.3.5 Cell viability studies 

PEG is used for many biomedical applications due to its low toxicity, antigenicity and 

immunogenicity.1 Copolymers of PEG used for potential application in biomedical and 

pharmaceutical fields, it is therefore imperative to determine the cytotoxicity. The 

polymerization takes place in DMSO, which is strongly cytotoxic to any cells. For this 

reason, it is crucialto purify the polymers by dialysis. In the next step, cell tests of the P(EG-

co-ITEGE) copolymers containing 5 mol% (17 wt%) and 16 mol% (50 wt%) ITEGE were 

carried out, using HeLa cells and HEK cells as cell lines. The polymers were incubated for 

24 h with the cells. Copolymer concentrations of 0.1 g/mL up to 100 g/mL were tested to 

investigate the influence of the copolymer. As a reference, a commercially available mPEG 

with a similar molecular weight to that of the copolymers was also analyzed. The results of 

the MTT assays are displayed in Figure 11. 

 

Figure 11: MTT assays of HeLa and HEK cells incubated with mPEG5k (blue) as reference 

and P(EG-co-ITEGE) copolymers with 5 mol% ITEGE (grey) and 16 mol% ITEGE (orange). 
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Concentrations of the polymers between 0.1 g/mL-10 g/mL showed no effect on cell 

viability. The copolymer with 16 mol% ITEGE at a concentration of 100 g/mL showed a 

reduction of cell viability in HeLa cells to 67 ± 3 %, and in HEK cells to 76±3 %. Since 

16 mol% corresponds to approximately 50 wt% of the polymer, a concentration of 

100 g/mL is rather high. For this reason, a decrease in cell viability is not surprising. 

Nevertheless, a toxic effect of the copolymers on the cells at lower ITEGE content and 

concentrations below 100 g/mL was not observed. 

4.1.4 Conclusion 

In this work, the synthesis of several thiazolidine derivatives was demonstrated for the 

preparation of thiazolidine-based glycidyl ethers. in the first step, the thiazolidine 

derivatives were prepared by condensation of cysteamine hydrochloride and an aldehyde 

or ketone. In this process, 2-isopropylthiazolidines (IT), 2-(tert-butyl)thiazolidines (TBT) 

and 2,2-dimethylthiazolidines (DMT) were synthesized. In the next step, the compounds 

were used to prepare the corresponding 2-alkylthiazolidine ethanol derivatives 2-(2,2-

dimethylthiazolidin-3-yl)ethan-1-ol (DMTOH), 2-(thiazolidin-3-yl)ethan-1-ol (TOH), 2-(2-

isopropylthiazolidin-3-yl)ethan-1-ol (ITOH) and 2-(2-(tert-butyl)thiazolidin-3-yl)ethan-1-ol 

(TBTOH). To test the stability of the alkylthiazolidinethanol compounds under the 

conditions of AROP, the alcohols were used as initiators for the polymerization with EO. 

ITOH turned out to be a suitable candidate to function for the further synthesis of the 

glycidyl ether and the subsequent copolymerization. By reacting ITOH and epichlorohydrin, 

the glycidyl ether 2-isopropylthiazolidine ethyl glycidyl ether (ITEGE) could be prepared. 

AROP was used to synthesize the homopolymer P(ITEGE) and various copolymers P(EG-

co-ITEGE) with EO. The amount of ITEGE in the copolymers was varied from 1 mol% to 

32 mol%, and the molecular weight was kept constant at approx. 5000 g/mol. Narrow 

molecular weight distributions with dispersities below 1.10 were obtained. The polymers 

were characterized by NMR spectroscopy and SEC measurements. In addition, the thermal 

behavior was analyzed via DSC.  

To obtain information on the distribution of ITEGE units in the polyether backbone, in situ 

1H NMR kinetic studies were performed. Reactivity ratios were determined as 
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rEO = 0.74 ± 0.00 and rITEGE = 1.34 ± 0.00 with a coefficient of determination (R2) of 0.99. 

Slightly preferred incorporation of ITEGE was observed in the early stages of the 

copolymerization, resulting in a slight gradient displayed by the molar based composition 

diagram. 

The responsive behavior of the copolymers was investigated by oxidation. A change in the 

solubility behavior of the polymers after oxidation was observed. Furthermore, the structure 

of the polymer was analyzed by NMR spectroscopy and SEC. The pH-responsive behavior 

was not investigated in this work, but will be investigated in the future. 

Finally, the toxicity of the polymers was investigated by MTT assay. Only at a higher 

concentration of ITEGE units a reduction of cell activity could be detected. 
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4.1.6 Supporting Information 

4.1.6.1 Monomer synthesis and characterization. 

Synthesis of 2-alkylthiazolidines 

 

SI-Figure 1: 1H NMR spectrum (300 MHz, DMSO-d6) of DMT. 

 

SI-Figure 2: 1H NMR spectrum (300 MHz, DMSO-d6) of TBT. 
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SI-Figure 3: 1H NMR spectrum (300 MHz, chloroform-d) of IT. 

 

SI-Figure 4: 13C NMR spectrum (75 MHz, chloroform-d) of IT. 
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Synthesis of 2-alkylthiazolidine ethanol 

 

 

SI-Figure 5: 1H NMR spectrum (300 MHz, methylene chloride-d2) of DMTOH. 

 

SI-Figure 6: 1H NMR spectrum (300 MHz, methylene chloride-d2) of TOH. 
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SI-Figure 7: 1H NMR spectrum (300 MHz, methylene chloride-d2) of TBTOH. 

 

SI-Figure 8: 1H NMR spectrum (300 MHz, chloroform-d) of ITOH. 
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SI-Figure 9: 13C NMR spectrum (75 MHz, chloroform-d) of ITOH. 

Synthesis of 2-alkylthiazolidine ethyl glycidyl ether 

 

SI-Figure 10: 1H NMR spectrum (300 MHz, methylene chloride-d2) of TEGE. 
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SI-Figure 11: 1H NMR spectrum (300 MHz, chloroform-d) of ITEGE. 

 

SI-Figure 12: 13C NMR spectrum (75 MHz, chloroform-d) of ITEGE. 
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4.1.7 Polymer synthesis and characterization. 

Synthesis of 2-alkylthiazolidine ethanol initiated PEG polymers 

 

 

SI-Figure 13: 1H NMR spectrum (300 MHz, DMSO-d6) of IT-PEG. 

 

SI-Figure 14: 13C NMR spectrum (75 MHz, DMSO-d6) of IT-PEG. 
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Synthesis of P(ITEGE) homopolymer 

 

SI-Figure 15: 1H NMR spectrum (400 MHz, methylene chloride-d2) of the P(ITEGE) 

homopolymer. 

 

SI-Figure 16: 13C NMR spectrum (101 MHz, methylene chloride-d2) of the P(ITEGE) 

homopolymer. 
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Synthesis of P(EG-co-ITEGE) copolymer 

 

SI-Figure 17: 1H NMR spectrum (400 MHz, methylene chloride-d2) of P(EG98-co-ITEGE2). 

 

SI-Figure 18: 13C NMR spectrum (101 MHz, methylene chloride-d2) of P(EG98-co-ITEGE2). 
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SI-Figure 19: 1H, 1H COSY NMR spectrum (400 MHz, methylene chloride-d2) of P(EG98-co-

ITEGE2). 

 

SI-Figure 20: 1H, 13C HSQC NMR spectrum (400 MHz, methylene chloride-d2) of P(EG98-

co-ITEGE2). 
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SI-Figure 21: 1H, 13C HMBC NMR spectrum (400 MHz, methylene chloride-d2) of P(EG98-

co-ITEGE2). 

 

SI-Figure 22: 1H NMR spectrum (400 MHz, DMSO-d6) of P(EG-co-ITEGE) after oxidation 

with H2O2 solution. 
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SI-Figure 23: 1H, 13C HSQC NMR spectrum (400 MHz, DMSO-d6) of P(EG-co-ITEGE) after 

oxidation with H2O2 solution. 

SEC measurements 

 

SI-Figure 24: SEC trace (RI detector, DMF, PEG standards) of DMT-PEG. 
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SI-Figure 25: SEC traces (RI detector, DMF, PEG standards) of P(ITEGE) synthesized via 

different synthesis routes. 

 

SI-Figure 26: SEC traces (RI detector, DMF, PEG standards) of P(EG-co-ITEGE) before 

(blue) and after oxidation (green). 
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4.1.7.1 In situ 1H NMR kinetic studies. 

 

SI-Figure 27: Jaacks plot of the anionic copolymerization of P(EO-co-ITEGE) in DMSO-d6 

at 50 °C evaluated by in situ 1H NMR experiments (R2 = 0.99).  

 

SI-Figure 28: Molar based composition diagram of P(EO-co-ITEGE) in DMSO-d6 at 50 °C 

with an initial molar ratio of 0.5:0.5. FEO = EO incorporation.  

 

 

 

 



 

301 
 

 

 

 

 

 

5 APPENDIX 

 



 

302 
 

 

 

 



5 APPENDIX 

303 
 

5.1 Ketal- and Acetal-Functional Dialkyl-PEG Lipids for pH-

Sheddable Stealth Liposomes 

Matthias Worm, † Thomas Fritz, § Eyleen Becker, † Fabian Jung, § Daniel Leibig, †,c Mark 

Helm,*,§ and Holger Frey*,† 

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

55128 Mainz, Germany 

§Institute of Pharmacy and Biochemistry, Johannes Gutenberg University Mainz, 

Staudingerweg 5, 55128 Mainz, Germany 

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

*E-Mail: hfrey@uni-mainz.de, mhelm@uni-mainz.de 

to be submitted 

 

  



5 APPENDIX 

304 
 

Abstract 

In nanomedicine, stealth liposomes with PEG-lipids entrenched in their membranes 

represent potent drug delivery systems for the treatment of tumors. However, in the 

presence of a PEG stealth layer, cellular uptake and drug release can be hampered. Here we 

introduce a novel class of pH-sensitive PEG-lipids containing ketals and acetals as cleavable 

linkages to facilitate shedding of the PEG shell inside the tumor tissue or in a cellular 

compartment. A prototype one-step synthesis towards ketals is introduced to conveniently 

incorporate asymmetric ketals into PEG-based block structures. Modified bishexadecyl 

glycerols were used as initiators for the anionic ring-opening polymerization of ethylene 

oxide to access well-defined PEG-lipids (Ð = 1.04 - 1.08) with tunable molecular weights 

(Mn = 2000 - 3500 g mol-1). Online 1H NMR spectroscopy served to evaluate kinetics of 

acidic hydrolysis. Fluorescence spectroscopy and agarose gel electrophoresis were 

employed to monitor pH-triggered shedding of liposomes, revealing highly promising 

cleavage profiles for the ketal-functional lipids (t1/2 ~ 4h, pH 6.4). The findings demonstrate 

the potential of these functionalizable, pH-sensitive lipids for pH-triggered drug release 

strategies from liposomes. 

Keywords 

liposomes, poly(ethylene glycol), PEG, lipids, pH-cleavable, ketals 
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5.1.1 Introduction 

In recent years, stimuli-responsive polymers have gained increasing attention in various 

fields of research due to their unique properties.1,2 Stimuli-responsive materials are sensitive 

to an external trigger, such as pH, oxidation/reduction, light or temperature, upon which a 

structural change is induced. Structural changes may encompass solubility switches due to 

temperature/light-induced conformational changes, protonation,3–5 or cleavage of pH-

labile, redox-responsive, or light-sensitive moieties.6,7 Especially in nanomedicine, pH-

responsive polymers have proven advantageous for the design of drug carrier systems, since 

acidic compartments are present in various parts of human tissue. Lowered pH values have 

been reported for endosomal and lysosomal cellular compartments,8 as well as for the 

microenvironment of various tumor cell lines and for inflammatory tissue.9,10  

Poly(ethylene glycol) (PEG) is generally regarded as the gold standard polymer for medical 

applications due to its excellent biocompatibility and very low immunogenicity,11,12 and 

increasing effort is devoted to incorporating pH-cleavable building blocks into PEG and its 

conjugates.13,14 In liposomal research, pH-sensitive PEG-lipids have recently become 

attractive, as they enable shedding of stealth liposomes inside the targeted tissue to enhance 

efficacy of the drug carriers. The presence of a PEG stealth layer can hamper cellular uptake 

of liposomes and drug release.15–17 Moreover, PEGylated nanoparticles can be subjected to 

accelerated blood clearance upon repetitive drug administration leading to an increased 

uptake by the liver.18,19 PEG-lipids bearing pH-cleavable linkages can be employed to avoid 

these drawbacks of PEG in liposomes.20,21 Examples of acid-cleavable moieties incorporated 

into pH-sensitive liposomes (PSL) include hydrazones,21–24 orthoesters,24–26 acetals,27 vinyl 

ethers,28,29 and cyclic ketals.30 The corresponding strategies are generally based on chemical 

modification of commercially available monomethoxy PEG (mPEG) and therefore lack the 

possibility to attach further functionalities such as dye labels or radioactive tracers, for 

instance to unravel the fate of the cleaved PEG chains. Also linking of targeting ligands to 

enable directed drug delivery is not possible. Furthermore, molecular compositions are 

restricted to the commercially available molecular weights of PEG, limiting precise tuning 

of lipid properties.  
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Within the class of acid-hydrolyzable moieties, acetals and ketals constitute highly potent 

representatives, as the substitution patterns provides a means of fine-tuning their 

susceptibility towards hydrolysis.31 Generally, acetals are hydrolyzed several orders of 

magnitude slower than respective ketals.32 These circumstances allow for the design of 

hydrolysis profiles to match the specific requirements for controlled release strategies. 

Increasing effort has been expended on incorporating acetals and ketals into polymeric 

structures.33–38 However, to date, no synthetic routes are available to conveniently access 

ketals composed of two different alcohol components without tedious purification or multi-

step reactions. A straightforward approach to these asymmetric ketals may grant access to 

novel, pH-cleavable block-type structures and polymer conjugates, thereby extending the 

scope of pH-sensitive materials for triggered drug release purposes. The design of lipids that 

combine suitable pH-dependent hydrolysis with tailored molecular compositions and, in 

addition, facilitate the attachment of further functional groups remains a challenge. 

Recent findings in liposomal research have elucidated higher membrane integrity of 

polyether-based lipids containing dialkyl-derived anchor groups compared to cholesterol-

functional lipids.39 These results motivate a stronger focus on dialkyl-containing polyether-

based lipids, since stable anchorage in the membrane can further enhance stability profiles 

of stealth liposomes and therefore prevent extracellular leakage of the cargo, while ligand-

mediated targeting efficiencies are increased as well. In this work, we introduce a novel 

class of acid-cleavable dialkyl glycerol PEG-lipids containing ketals and acetals as scissile 

linkages and demonstrate their potential for pH-sensitive stealth liposomes. A prototype 

one-step strategy based on vinyl ether chemistry is presented, offering straightforward 

access to asymmetric ketals in polymers. Acetal- and ketal-containing dialkyl glycerol 

derivatives have been synthesized and used as initiators for the anionic ring-opening 

polymerization of ethylene oxide to obtain pH-cleavable lipids with precisely tunable 

molecular weights of PEG and narrow molecular weight distributions. The susceptibility of 

the PEG-lipids towards acidic hydrolysis has been evaluated via real-time 1H NMR kinetic 

studies. Furthermore, functionalization of the lipids via copper(I)-catalyzed azide-alkyne 

click chemistry with fluorescent dyes has been demonstrated via a post-preparational 

approach at the liposomal surface. pH-triggered shedding of the liposomes endowed with 
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the fluorescent-labelled PEG-lipids have been monitored by fluorescence spectroscopy and 

gel electrophoresis, revealing promising cleavage profiles for the ketal-functional lipid 

species.  

 

Scheme 1: Synthesis of bishexadecyl glycerol-based lipids. 

5.1.2 Experimental part 

Instrumentation 

1H NMR spectra were measured on a Bruker Avance II 400 MHz (5 mm BBO probe, 256 

Scans, and B-ACS 60 auto sampler) at 294 K. 2D NMR and 13C NMR spectra were recorded 

on a Bruker Avance II 400 (100.5 MHz, 5 mm BBO probe, and B-ACS 60 auto sampler) at 

294 K, if not stated otherwise. 13C inverse gated NMR spectra were recorded with 2048 scans 

and a relaxation delay of 10 s. Relaxation times T1 for the ketal species were determined via 

saturation recovery methods. All spectra were processed with MestReNova v9.0 software.  

GPC (SEC) data were obtained using Agilent 1100 Series endowed with a PSS HEMA-

column (106/104/102 Å porosity), LiBr/DMF (1 g/L) as eluent using RI detection. Molecular 

weights and dispersity (Ð = Mw/Mn) were determined with monodisperse PEG standards 

from Polymer Standard Service GmbH (PSS). 
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MALDI-ToF mass spectrometry was conducted on an Axima CFR MALDI-ToF mass 

spectrometer using pencil lead or α-cyano-4-hydroxy-cinnamonic acid (CHCH) as matrix 

and potassium trifluoroacetate (KTFA) as a source for cations. 

Materials 

All chemicals were obtained from Sigma Aldrich, TCI Europe, or Acros Organics unless 

stated otherwise. Deuterated solvents (C6D6, CD2Cl2, CDCl3, DMSO-d6, D2O) were 

purchased from Deutero GmbH. Egg phosphatidylcholine (EPC, fully hydrogenated EPC3) 

was kindly provided by Lipoid GmbH (Ludwigshafen, Germany). Cholesterol was purchased 

from Carl Roth (Karlsruhe, Germany). Atto 488 azide was obtained from Atto-Tec (Siegen, 

Germany). 2-[2-[(Trimethylsilyl)oxy]ethoxy]propene (3),40 and 2-Acetoxyethoxy vinyl 

ether (7)41 were synthesized according to reported procedures. THF used for the anionic 

ring-opening polymerization was dried and stored over sodium/benzophenone. Care must 

be taken when handle the flammable, toxic, and gaseous ethylene oxide.  

Methods 

Liposome preparation was conducted via dual centrifugation (DC) according to a method 

previously described.42 Briefly, ethanolic solutions of hydrated egg phosphatidyl choline 

(EPC, Lipoid, Ludwigshafen, Germany), cholesterol (Carl Roth, Karlsruhe, Germany) and 

the respective polymeric amphiphile were combined to yield 85 µmol (~5 mg) in a molar 

ratio of 50:45:5, respectively, and dried in vacuo. Lipid samples were stored at -80 °C until 

use to prevent degradation of the ketal structures. 9.3 µL of Dulbecco’s phosphate buffered 

saline (DPBS, Thermo-Fisher Scientific, Waltham, MA, USA) and 70 mg of ceramic beads 

(SiLyBeads ZY 0.3 – 0.4 mm) were added and the sample subjected to a 20 min dual 

centrifugation run at 2500 RPM, utilizing a customized Hettich Rotanta 400 centrifuge 

(Hettich, Tuttlingen, Germany) with a custom made inset. 28 µL DPBS were added and the 

obtained vesicular phospholipid gel subjected to two more 2 min DC runs, in between of 

which the sample orientation was reversed. Stock liposome suspensions were stored at 4 °C 

until usage, highly sensitive ketal compounds were used immediately. 

Liposome functionalization was carried out according to a previously established protocol.43 

For copper-catalyzed azide alkyne cycloaddition, the following reactants were added in the 
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listed order: MilliQ water (to a total volume of 40 µL), phosphate buffer (5.3 mM NaH2PO4, 

94.7 mM Na2HPO4, pH 8), THPTA (0.5 mM), CuSO4 (0.1 mM), and sodium ascorbate (2.5 

mM), Atto 488 azide (Atto-Tec, Siegen, Germany, 50 µM), liposome suspension (10 µL). 

After incubation for 2 h at 25 °C, the reaction was stopped by addition of 1 µL of 50 mM 

EDTA (Carl Roth) solution. Liposome suspensions were purified via gel filtration over 

custom-made Sepharose 2B-CL (Sigma-Aldrich, St. Louis, MO, USA) columns, fluorimetric 

determination assured a complete removal of residual free fluorophore azide. 

Liposome cleavage was quantified either via a fluorescence spectrometric in situ approach 

or via an ex situ approach, utilizing separation of cleavage products via polyacrylamide gel 

electrophoresis (PAGE). For the fluorimetric assay, quartz glass cuvettes (Hellma, Müllheim, 

Germany) with a 1 cm path length and tight PTFE plugs were used in a Jasco FP-6500 

Fluorimeter (Jasco, Tokyo, Japan) equipped with an ETC-273T temperature controller, a 

Peltier element stage with a magnetic stirrer and a HAAKE WKL26 cooling unit (Thermo-

Fisher Scientific). 2.5 µL of conventional liposomes, consisting only of EPC and cholesterol 

were combined with 3.8 mL DPBS for 24 h to saturate the glass surface in order to prevent 

adsorption of labeled amphiphiles. After removal, a liposome sample was added to the 

cuvette in PBS in a total volume of 2.53 mL, while the amount of liposomes was adjusted to 

yield Atto 488 in a concentration of 50 nM. After equilibration for 1 h, 1.26 mL of citric acid 

solutions were added to yield 3.8 mL total volume and no gas phase in the cuvette. Citric 

acid concentrations were previously determined to yield final pH values of 2.4, 3.4, 4.4, 5.4 

and 6.4. For pH 7.4, DPBS was used. For pH 8.4, a sodium tetraborate buffer (12 mM 

Na2B4O7, 126 mM NaCl) was used instead. Fluorescence emission (exc. 490 nm, em. 520 nm) 

was measured with data rates between 5 sec-1 and 7.5 h-1 under constant stirring and at 25 

°C. Other measurement parameters: em./exc. Bandwith 5 nm, PMT voltage “high”. For the 

ex situ approach, samples of liposome suspensions were combined with solutions of citric 

acid as described above, to obtained the previously determined pH values. Samples were 

taken at the intended timepoints and neutralized with Na2HPO4 solutions of specific and 

previously tested concentrations. As a gel loading buffer, 4 µL of a 60% (v/v) glycerol 

solution in DPBS was added and samples were stored at -80 °C until further analysis. PAGE 

was conducted with 10 cm x 20 cm x 2 mm 15% denaturing polyacrylamide gels (PAGE 
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system, Carl Roth) for 2 h and 15 min at a constant power of 15 W, employing a CBS LSG-

400-20 adjustable vertical electrophoresis stand (CBS Scientific, San Diego, USA) and a 

Consort EV232 power supply (Consort, Turnhout, Belgium). Gels were imaged with a 

Typhoon 9600 multimode imager with a blue laser unit (GE Healthcare), illuminated at 488 

nm and analyzed with a 520 nm bandpass 40 nm filter. ImageJ was used for analysis and 

measurement of background-corrected band intensities.44 The data was fit with Origin 

(Origin-Lab, Northampton, MA; USA) to the first order exponential decay function y = A1 

* e(-x/t1) + y0, while fluorescence intensities were normalized to target values y0 obtained 

from a first order fit. The half-life time was calculated from t1/2 = ln (2) * t1. 

Cytotoxicity: MTT Assay 

Cytotoxicity of liposomal suspensions was assessed by a 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromid (MTT) assay. HeLa cells were seeded in a density of 10,000 per 

well in 96-well optical bottom plates (Greiner, Frickenhausen, Germany) 12 h before 

incubation. To test liposome toxicity, medium was replaced with fresh medium containing 

liposomes in total lipid concentrations of 100, 10, 1 and 0.1 mg/mL. After 24 h, 40 μL of a 5 

mg/mL solution of MTT in D-PBS (Thermo-Fisher Scientific, Waltham, MA, USA) were 

added to the cells and incubated for 1 hour. After careful removal of the medium, 225 μL of 

a 1:8 v/v mixture of glycine buffer pH 10 and DMSO were added and the cells shaken for 

15 min to dissolve the precipitated crystals. 25 μL from each well diluted with 150 μL of 

glycine buffer pH 10-DMSO mixture (1:8 v/v) in a fresh 96-well plate. Absorbance of MTT 

was measured at 595 nm with background correction at 670 nm on a Tecan M200 plate 

reader, values were normalized to untreated cells. All measurements were performed in 

technical triplicates. 

1H NMR Kinetics 

Deuterated phosphate/citrate phosphate buffer solutions were produced by mixing of two 

stock solutions and adjustment of the pH with a pH electrode. Stock solutions of K2HPO4 

(100 mmol L-1) and KH2PO4 (100 mmol L-1) in deuterated water were used for phosphate 

buffer at pD 6.4. Accordingly, stock solutions of citric acid (100 mmol L-1) and K2HPO4 (100 
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mmol L-1) in deuterated water were used for the citrate phosphate buffer at pD 3.4 and pD 

5.4. The respective pD values were obtained via the equation pD = pH + 0.4.45  

For in-situ 1H NMR degradation kinetics, 50 mg of the respective polymer were dissolved 

in 0.7 mL of deuterated buffer and transferred into a NMR tube immediately after dissolving. 

The NMR tube was placed in a preheated NMR spectrometer (37 °C) and the sample was 

locked to the solvent signal and shimmed after the sample temperature was constant (ΔT = 

0.1 K) for 2 min. Spectra were recorded with 16 scans at 2-minute intervals during the first 

hour, then at 5-minute intervals for 2 hours, at 10-minute intervals within the next 5 hours 

due to a decrease in the reaction rate. The kinetic analysis was stopped manually after 

complete cleavage was achieved.  

Synthesis procedure 

3-Benzyl-1,2-bishexadecyl-rac-glycerol 1. In a 1000mL three-necked round-bottom flask 

equipped with a reflux condenser and a mechanical stirrer 1-benzyl-rac-glycerol (5.0 g, 27.4 

mmol) and sodium hydride (2.6 g, 109.7 mmol) were dissolved in dry THF (400 mL) under 

argon atmosphere. 1-Bromohexadecane (33.5 g, 109.7 mmol) was added via syringe and the 

reaction mixture was stirred at reflux for 6 d. The solvent was evaporated under reduced 

pressure and the resulting residue was dissolved in a 1/1-mixture of diethyl ether/water (500 

mL). After stirring for 16 h, the aqueous phase was neutralized via addition of diluted 

sulfuric acid (1 mol L-1) and the organic phase was separated. The aqueous solution was 

extracted three times with diethyl ether and the combined organic layers were dried over 

sodium sulfate and filtrated. The solvent was evaporated under reduced pressure and excess 

1-bromohexadecane was removed under high vacuum. The pure product (10.1 g, 16.0 mmol, 

58 %) was obtained after column chromatography (eluent: petrol ether/ diethyl ether 30:1) 

over silica. 

1H NMR (400 MHz, CDCl3): δ  [ppm] 7.40–7.23 (m, 5H, CHAr), 4.56 (s, 2H, ArCH2), 3.65–

3.37 (m, 9H, CH2-CH2-O, CH-CH2-O and CH2-CH-O), 1.66–1.48 (m, 4H, CH2-CH2-O), 1.43–

1.15 (m, 52H, CH2), 0.88 (t, 6H, JAB = 6.3 Hz, CH3-CH2).  

1,2-Bishexadecyl-rac-glycerol 2. 1 (10.1 g, 16.0 mmol) was dissolved in DCM (200 mL) and 

stirred with 10wt%-palladium on activated charcoal (505 mg) under hydrogen atmosphere 
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for 3 d. The residue was subsequently filtrated through Celite and the filter cake was washed 

with DCM. After evaporation of the solvent, the pure product was afforded as colorless 

crystals in quantitative yield. 

1H NMR (400 MHz, CDCl3): δ [ppm] 3.78–3.36 (m, 9H, CH2-CH2-O, CH-CH2-O and CH2-

CH-O), 1.63–1.49 (m, 4H, CH2-CH2-O), 1.40–1.17 (m, 52H, CH2), 0.88 (t, 6H, JAB = 6.6 Hz, 

CH3-CH2).  

2-[2-[(Trimethylsilyl)oxy]ethoxy]propene 3. This compound was synthesized according to 

literature.40 Storage under argon atmosphere at 8 °C was essential to prevent decomposition.   

2-((2-[2,3-bis(hexadecyloxy)propoxy]propan-2-yl)oxy)ethanol 4. p-Toluenesulfonic acid 

monohydrate (9.6 mg, 0.056 mmol) and 2 (300 mg, 0.557 mmol) were dissolved in benzene 

(15 mL) in a dry Schlenk flask and stirred at 40 °C under slightly reduced pressure for 15 

min keeping the stopcock closed. Moisture was removed via azeotropic distillation with 

benzene, and subsequent drying in high vacuum at 40 °C for 16 h. After cooling to RT, the 

residue was dissolved in dry DCM (15 mL) and 3 (969 mg, 5.57 mmol) was added. The 

reaction was stirred for 90 min and quenched with triethylamine. After removing all 

volatiles in high vacuum, the pure product (147 mg, 41 %) was afforded via column 

chromatography over alox (neutral, 6wt% H2O) applying a stepwise alteration of the eluent 

from petrol ether to petrol ether/ethyl acetate (20:1) to petrol ether/ethyl acetate (10:1). 

1H NMR (400 MHz, C6D6): δ [ppm] 3.77–3.43 (m, 11H, CH2-O and CH2-CH-O), 3.37 (t, 2H, 

JAB = 6.5 Hz, CH2-CH2-O-CH2), 1.71–1.54 (m, 4H, CH2-CH2-CH2-O), 1.34–1.10 (m, 58H, 

CH2 and CO2-(CH3)2), 0.91 (t, 6H, JAB = 6.7 Hz, CH3-CH2).  

13C NMR (100.6 MHz, C6D6): δ [ppm] = 99.95 (1C, CO2(CH3)2), 78.97 (1C, CH-CH2O), 71.89 

(1C, CH2-CH2O-CH2), 71.46 (1C, CH-CH2O-CH2), 70.97 (1C, CH2-CH2O-CH), 62.82 (1C, 

CH-CH2O-CO(CH3)2), 62.47 (1C, CH2OH), 61.85 (1C, CH2-CH2OH), 32.38 (2C, CH3-CH2-

CH2), 30.79-29.88 (24C, CH2), 26.74 (2C, CH2), 25.11 (2C, CO2(CH3)2), 23.16 (2C, CH2-CH3), 

14.41 (2C, CH2-CH3). 

α-(2-[2,3-bis(hexadecyloxy)propoxy]propan-2-yl) ω-hydro PEG BisHD-K-PEG. Compound 

4 (100 mg, 0.155 mmol) and dry potassium tert-butoxide (15.6 mg, 0.139 mmol) were 

dissolved in benzene (10 mL) and stirred in a dry Schlenk flask under slightly reduced 
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pressure at 50 °C for 15 min keeping the stopcock closed. Moisture and generated tert-

butanol were removed by azeotropic distillation of benzene and subsequent drying at 50 °C 

in high vacuum for 16 h. After cooling to RT, dry THF (15 mL) was cryo-transferred into 

the Schlenk flask and ethylene oxide (1.11 mL, 22.3 mmol) was cryo-transferred via a 

graduated ampule into the initiator solution. The reaction was proceeded at 40 °C for 2 d 

and the polymerization was quenched with methanol (2 mL). After precipitation in cold 

diethyl ether, all volatiles were removed in vacuum and the pure polymer was obtained. 

(Yield: 81 %)  

1H NMR (400 MHz, C6D6): δ [ppm] 3.77–3.25 (m, 158H, CH2O and CH2-CHO), 1.71–1.53 

(m, 4H, CH2-CH2-O), 1.51–1.10 (m, 58H, CH2  and CO2-(CH3)2), 0.90 (t, 6H, JAB = 6.7 Hz, 

CH3-CH2). 

13C NMR (100.6 MHz, C6D6): δ [ppm] = 100.00 (1C, CO2(CH3)2), 78.97 (1C, CH-CH2O), 

73.17-60.74 (79C, CH2O), 32.35 (2C, CH3-CH2-CH2), 30.87-29.84 (24C, CH2), 26.76 (2C, CH2-

CH2-CH2O), 25.12 (2C, CO2(CH3)2), 23.12 (2C, CH2-CH3), 14.40 (2C, CH2-CH3). 

1,2-Bishexadecylglycerol PEG 6. Compound 2 (200 mg, 0.371 mmol) was dissolved in 

benzene (10 mL) and stirred in a dry Schlenk flask under slightly reduced pressure at 60 °C 

for 15 min keeping the stopcock closed. Moisture was removed by azeotropic distillation of 

benzene and subsequent drying at 70 °C in high vacuum for 16 h. After cooling to RT, dry 

THF (15 mL) was cryo-transferred into the Schlenk flask and potassium naphthalenide in 

THF (0.37 mL, 0.18 mmol, c = 0.5 mol L-1, prepared from potassium (235 mg, 6.0 mmol) and 

naphthalene (770 mg, 6.0 mmol) in dry THF (12 mL) in a glovebox under argon) was added 

via syringe. Generated hydrogen was removed in vacuum and ethylene oxide (1.11 mL, 

22.3 mmol) was cryo-transferred via a graduated ampule into the initiator solution. The 

reaction was carried out at 40 °C for 3 h and subsequently continued at 60 °C for 3 d. The 

polymerization was quenched with methanol (2 mL) and the polymer was precipitated in 

cold diethyl ether. After removing all volatiles under vacuum, the pure polymer was 

obtained. (Yield: 82 %) 1H NMR (400 MHz, DMSO-d6): δ [ppm] 3.70–3.20 (m, 250H, CH2-O 

and CH2-CH-O), 1.50–1.38 (m, 4H, CH2-CH2-O), 1.34–1.10 (m, 52H, CH2), 0.84 (t, 6H, JAB 

= 6.4 Hz, CH3-CH2).  



5 APPENDIX 

314 
 

2-Acetoxyethoxy vinyl ether 7. This compound was synthesized according to prescriptions 

described in the literature.41  

2-(2-[2,3-bis(hexadecyloxy)propoxy]ethoxy)ethyl acetate BisHD-Acetal-Acetate. 

Compound 2 (600 mg, 1.11 mmol) and p-toluenesulfonic acid monohydrate (19 mg, 0.11 

mmol) were dissolved in a dry Schlenk flask in benzene (15 mL) and stirred under slightly 

reduced pressure at 40 °C for 15 min keeping the stopcock closed. Moisture was removed 

by azeotropic distillation of benzene and subsequent drying at 40 °C in high vacuum for 2 

h. After cooling to RT, the mixture was dissolved in dry DCM (15 mL) and a solution of 2-

acetoxy ethoxy vinyl ether 7 (724 mg, 5.57 mmol) in dry DCM (15 mL) was added via 

syringe. The reaction was stirred for 15 min and subsequently quenched via addition of 

triethylamine (5 mL). After washing of the solution with 1N sodium hydroxide (100 mL), 

the aqueous phase was extracted with DCM (50 mL) and the combined organic layers were 

dried over sodium sulfate. The solvent was evaporated under reduced pressure and excess 

vinyl ether was removed in high vacuum for 16 h. The pure product (712 mg, 1.06 mmol, 96 

%) was obtained by column chromatography (eluent: petrol ether/ethyl acetate, 10:1) over 

silica. 

1H NMR (400 MHz, C6D6): δ [ppm] 4.68 (q, 1H, JAB = 5.4 Hz, O2CHCH3), 4.25–4.09 (m, 2H, 

CH2-COOCH3), 3.85–3.44 (m, 9H, CH2-O and CH2-CH-O), 3.40 (t, 2H, JAB = 6.3 Hz, CH2-

CH2-O-CH2), 1.72 (s, 3H, CH3OOCH2), 1.70–1.54 (m, 4H, CH2-CH2-CH2-O), 1.52–1.27 (m, 

52H, CH2 ), 1.25 (d, 3H, JAB = 5.4 Hz, O2CH-CH3), 0.92 (t, 6H, JAB = 6.7 Hz, CH3-CH2). 

13C NMR (100.6 MHz, C6D6): δ [ppm] 170.11 (1C, COOCH3), 100.19 (1C, O2CH-CH3), 78.73 

(1C, CH-CH2O), 71.88 (1C, CH2-CH2O-CH2), 71.62 (1C, CH-CH2O-CH2), 70.97 (1C, CH2-

CH2O-CH), 65.76 (1C, CH-CH2O-CHOCH3), 63.82 (1C, CH2O-COCH3), 63.03 (1C, CH2-

CH2O-COCH3), 32.38 (2C, CH3-CH2-CH2), 30.79-29.88 (24C, CH2), 26.77 (2C, CH2-CH2-

CH2-O), 23.16 (2C, CH2-CH3), 20.52 (2C, CH2O-COCH3), 19.73 (2C, O2CH-CH3), 14.40 (2C, 

CH2-CH3).  

2-(2-[2,3-bis(hexadecyloxy)propoxy]ethoxy)ethanol 8. Potassium hydroxide (1.78 g, 31.8 

mmol) and BisHD-Acetal-Acetate (712 mg, 1.06 mmol) were dissolved in a mixture of 

ethanol (320 mL)/water (19 mL, 1.06 mmol). The solution was stirred at reflux for 2 h and 
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ethanol was removed under reduced pressure. The residue was dispersed in diethyl ether 

(300 mL) and washed with diluted sodium hydroxide (300 mL, 0.1 mol L-1). Subsequently, 

the organic phase was dried over sodium sulfate and the solvent was evaporated in vacuum. 

The crude product was purified by column chromatography over silica (petrol ether/ethyl 

acetate, 6:1) yielding a ceraceous, yellowish solid (605 mg, 0.96 mmol, 91 %) as the pure 

product. 

1H NMR (400 MHz, CD2Cl2): δ [ppm] 4.73 (q, 1H, JAB = 5.3 Hz, O2CHCH3), 3.70–3.37 (m, 

13H, CH2O and CH2-CH-O), 2.31 (s, 1H, OH), 1.58–1.47 (m, 4H, CH2-CH2-CH2-O), 1.37–

1.16 (m, 52H, CH2 ), 1.29 (d, 3H, JAB = 5.3 Hz, O2CH-CH3), 0.92 (t, 6H, JAB = 6.7 Hz, CH3-

CH2). 

α-(2-[2,3-bis(hexadecyloxy)propoxy]ethoxy) ω-hydro PEG BisHD-A-PEG . Compound 8 

(200 mg, 0.371 mmol) was dissolved in benzene (10 mL) and stirred in a dry Schlenk flask 

under slightly reduced pressure at 60 °C for 15 min keeping the stopcock closed. Moisture 

was removed by azeotropic distillation of benzene and subsequent drying at 70 °C in high 

vacuum for 16 h. After cooling to RT, dry THF (15 mL) was cryo-transferred into the 

Schlenk flask and potassium naphthalenide in THF (0.37 mL, 0.18 mmol, c = 0.5 mol L-1, 

prepared from potassium (235 mg, 6.0 mmol) and naphthalene (770 mg, 6.0 mmol) in dry 

THF (12 mL) in a glovebox under argon) was added via syringe. Generated hydrogen was 

removed in vacuum and ethylene oxide (1.11 mL, 22.3 mmol) was cryo-transferred via a 

graduated ampule into the initiator solution. The reaction proceeded at 40 °C for 3 h and 

subsequently continued at 60 °C for 3 d. The polymerization was quenched with methanol 

(2 mL) and the polymer was precipitation in cold diethyl ether. After removing all volatiles 

under vacuum, the pure polymer was obtained. (Yield: 82 %) 

1H NMR (400 MHz, C6D6): δ [ppm] 4.74 (q, 1H, JAB = 5.3 Hz, O2CHCH3), 3.88–3.26 (m, 

190H, CH2O and CH2-CH-O), 1.69–1.55 (m, 4H, CH2-CH2-O), 1.49–1.21 (m, 52H, CH2), 1.29 

(d, 3H, JAB = 5.3 Hz, O2CH-CH3), 0.91 (t, 6H, JAB = 6.4 Hz, CH3-CH2). 

13C NMR (100.6 MHz, C6D6): δ [ppm] = 100.46 (1C, O2CH-CH3), 78.86 (1C, CH-CH2O), 

73.24–61.89 (87C, CH2O), 32.36 (2C, CH3-CH2-CH2), 30.86-29.85 (24C, CH2), 26.76 (2C, 

CH2-CH2-CH2O), 23.14 (2C, CH2-CH3), 19.96 (1C, O2CH-CH3), 14.40 (2C, CH2-CH3). 
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General procedure applied to access alkyne-functional lipids. Example: BisHD-A-PEG 

Alkyne. In a dry Schlenk flask, compound 9 (300 mg, 0.115 mmol) was dissolved in dry THF 

(15 mL) under argon atmosphere. The solution was cooled to 0 °C, sodium hydride (8.3 mg, 

0.34 mmol) was added and the mixture was stirred for 10 min. Propargyl bromide (51.1 mg, 

0.34 mmol, 80 wt% in toluene) was injected via syringe and the reaction was carried out at 

RT for 20 h. After filtration, the solution was reduced to a small volume and the polymer 

was precipitated in cold diethyl ether. (280 mg, 92 %) 

1H NMR (400 MHz, C6D6): δ [ppm] 4.74 (q, 1H, JAB = 5.3 Hz, O2CHCH3), 3.94 (d, 2H, 4JAB = 

2.4 Hz, OCH2-CCH), 3.86–3.25 (m, 190H, CH2O and CH2-CH-O), 2.14 (m, 1H, OCH2-CCH), 

1.71–1.54 (m, 4H, CH2-CH2-O), 1.52–1.19 (m, 52H, CH2), 1.29 (d, 3H, JAB = 5.3 Hz, O2CH-

CH3), 0.90 (t, 6H, JAB = 6.4 Hz, CH3-CH2). 

13C NMR (100.6 MHz, C6D6): δ [ppm] 100.46 (1C, O2CH-CH3), 80.47 (1C, OCH2-CCH), 78.86 

(1C, CH-CH2O), 74.70 (1C, OCH2-CCH), 73.24–64.97 (87C, CH2O), 58.38 (1C, OCH2-CCH), 

32.36 (2C, CH3-CH2-CH2), 30.86-29.85 (24C, CH2), 26.76 (2C, CH2-CH2-CH2O), 23.14 (2C, 

CH2-CH3), 19.96 (1C, O2CH-CH3), 14.40 (2C, CH2-CH3). 

5.1.3 Results and discussion 

5.1.3.1 Synthesis of Acid-Labile 1,2-Bis-n-hexadecyl Glycerol Macroinitiators. 

Recent findings confirmed superior membrane stability of 1,2-dialkyl-glycerol-based lipids 

compared in comparison to cholesterol-functional polyether-based lipids.39 Stable 

anchorage of lipids in the membrane of liposomes constitutes one crucial parameter 

contributing to the overall stability and serum half-life of stealth liposomes.46 Therefore, in 

this work we focused on designing PEG-lipids with dialkyl anchor units endowed with 

acetals and ketals as pH-sensitive linkages. An overview of the synthesis of lipids discussed 

in this study is depicted in Scheme 1. At first, 1,2-bis-n-hexadecyl glycerol 2 was synthesized 

in a two-step procedure by alkylation of 1-O-benzyl glycerol 1 and subsequent 

hydrogenation of the protecting group. This protocol has been reported in the literature 

before,47 however reaction conditions were slightly altered. 1,2-bis-n-hexadecyl glycerol 2 

represents the key synthon in this reaction scheme and served as the precursor for further 

modification.  
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The first approach shown in Scheme 1 (left path) aims at incorporating acid-cleavable ketal 

moieties into dialkyl-based PEG-lipid. To this end, a novel synthetic route was introduced 

to access the ketal-functional alcohol 4 in a one-step protocol utilizing a TMS-protected 

vinyl ether 3 under acid catalysis. Cleavage of the TMS-protecting group was conveniently 

accomplished on a pre-hydrated alox-based chromatography column in the purification 

step. Compound 3 was synthesized according to reported protocols.40 Quenching of the 

reaction after 90 min prevented formation of a symmetric ketal compound (spectrum not 

shown). The structure of the macroinitiator 4 was verified by means of 1H NMR and 13C 

NMR spectroscopy. (See SI-Figure 1 and SI-Figure 2) In 1H NMR spectra methyl proton 

signals of the ketal moiety overlapped with the resonances of the alkyl chains between 1.5 

and 1.2 ppm as confirmed via 2D NMR (HSQC, HMBC) analysis (See SI-Figure 3, SI-Figure 

4).  

Complete functionalization of the precursor 2 was concluded from the integration ratio of 

the terminal alkyl methyl proton signals (6H) compared to the superimposed resonances of 

the alkyl methylene protons and the ketal methyl protons (58H). The presence of the ketal 

moiety is evident from the 13C NMR spectrum by the characteristic chemical shifts of 99.95 

ppm for the quaternary carbon and 25.11 ppm for the methyl carbon atoms. In summary, 

this is, to the best of our knowledge, the first report on a one-step protocol to asymmetric, 

acyclic ketals in polymers. 

The second approach provided access to acid-labile acetal-containing lipids (right path, 

Scheme 1). For this purpose, the acetate-protected vinyl ether 7 was used to derivatize 1,2-

bis-n-hexadecyl glycerol 2 in an acid-catalyzed transformation, introducing an acetal 

moiety. Compared to the ketal synthesis described above, acetal formation proceeded at a 

faster rate, and the reaction was complete after 15 min. Reactivity of vinyl ethers towards 

acid-catalyzed electrophilic addition has been reported to occur at a faster rate in case of 

higher degrees of alkylation due to accelerated, rate-determining protonation of the olefin.29 

The difference in reaction kinetics of the two vinyl ethers in this study towards addition of 

2 might be a consequence of the bulkiness of the alcohol component and the more sterically 

hindered 2-propenyl ether moiety of 3. Saponification of the acetate group liberated a 

terminal hydroxyl functionality forming the macroinitiator 8. SI-Figure 7 contains the 1H 
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NMR spectrum of 8 revealing the acetal resonances at 4.73 ppm and 1.30 ppm, respectively. 

The loss of the acetate proton signals at 1.7 ppm confirmed successful hydrolysis of the ester 

protecting group (Compare SI-Figure 6 and SI-Figure 7). This second approach builds upon 

a synthetic route previously reported by our group for other acetal-containing polymers.48–

50 Herein, we extended the scope of the concept to dialkyl-based lipids. 

5.1.3.2 Synthesis of Acid-Labile PEG-Lipid. 

Subsequently, the pH-sensitive, dialkyl-based alcohols were used as macroinitiators for the 

anionic ring-opening polymerization (AROP) of ethylene oxide to attach the lipids’ 

hydrophilic PEG blocks. In case of the ketal-functional macroinitiator 4, potassium tert-

butoxide proved suitable to deprotonate the macroinitiator prior drying. Unexpectedly, 

drying of 4 in the non-deprotonated state led to partial decomposition of the ketal moieties. 

Furthermore, it is important to note that all AROPs were performed at ambient temperature 

to retain integrity of the ketal linkage. In this study, three ketal-functional polymers are 

presented in a range of molecular weights Mn from 2000 to 3600 g mol-1 exhibiting narrow 

molecular weight distributions (D) below 1.1. Table 1 summarizes the molecular 

characteristics of the pH-sensitive PEG-lipids discussed in this work. Molecular weights Mn 

were calculated from 1H NMR spectroscopy considering the integration ratio of the 

polyether backbone signals and the terminal methyl proton resonances of the alkyl chains. 

Apparently, molecular weights obtained from SEC analysis were generally underestimated 

compared to the molecular weights determined from NMR which could be ascribed to 

differences in hydrodynamic radii of the lipids and the PEG standards used for calibration. 

Figure 1 shows the SEC traces of the polymers synthesized in this study, revealing 

monomodal molecular weight distributions for all samples and shifts to lower elution 

volume with increasing molecular weights. As an example, the 1H NMR spectrum of BisHD-

K-PEG37 is included in the SI (SI-Figure 5). As stated above for the macroinitiator, an overlap 

of the ketal and the alkyl proton signals was observed for the ketal-functional lipids as well 

(See 2D NMR analysis, SI-Figure 3, SI-Figure 4).  
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Table 1: Molecular Characteristics of BisHD-K-PEG and BisHD-A-PEG Lipids prepared. 

Composition a 
Mn NMR a 

g·mol-1 

Mn SEC b 

g·mol-1 
Ð b 

BisHD-K-PEG37 2230 2000 1.06 

BisHD-K-PEG40 2350 2100 1.07 

BisHD-K-PEG68 3590 3400 1.08 

BisHD-A-PEG46 2650 2400 1.05 

BisHD-A-PEG60 3140 3100 1.04 

BisHD-A-PEG68 3560 3400 1.07 

BisHD-PEG62 2870 2200 1.05 

a Obtained from 1H NMR spectroscopy. b Determined via SEC (RI, DMF, PEG standards). 

 

                

Figure 1: SEC traces (RI detector signal/eluent: DMF) of BisHD-K-PEGs and BisHD-A-PEGs 

with varying degrees of polymerization. 

In order to confirm incorporation of the ketal moiety in the lipid structure, inverse gated 

13C NMR spectroscopy (IG 13C NMR) and MALDI ToF mass spectrometry were conducted. 

The IG 13C NMR spectrum of BisHD-K-PEG is given in Figure 2 including the integration 

ratios for a set of characteristic carbon atoms normalized to alkyl methyl carbon signals. 

Herein, a comparison of the integrals for the alkyl methyl carbon at 14.40 ppm, the methyl 

ketal carbon at 25.12 ppm and the quaternary ketal carbon at 100.00 ppm, respectively 

provided evidence for the complete integrity of the ketal linkages. It is noteworthy that IG 
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13C NMR analysis was performed under customized parameters of the measurements, 

including a relaxation delay d1 of 10 s and 2048 scans in order to record accurate signal 

intensities. These prerequisites proved necessary due to the long relaxation time T1 of the 

quaternary ketal carbon of 7.10 s in C6D6 determined via saturation recovery. Figure 3 

depicts a MALDI ToF mass spectrum of the ketal-functional PEG-lipid detected as an 

ionized potassium complex, using a pencil lead matrix. The use of a non-acidic matrix 

prevented decomposition of the ketal during sample preparation. Apparently, no PEG diol 

was observed in the spectra, which could be formed in the presence of water during the 

polymerization or cleavage of the lipid in the work-up process. The two methods 

retrospectively demonstrate stability of the ketal-functional macroinitiator 4 under the 

strongly basic conditions of AROP and further on, prove the absence of non-cleavable PEG-

lipids. 

 

Figure 2: Inverse gated 13C NMR spectrum of BisHD-K-PEG37 measured in C6D6 at 100 MHz. 
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Figure 3: MALDI-ToF mass spectrum of BisHD-K-PEG37 using pencil lead as a matrix 

recorded in reflectron mode.  

In an analogous manner, the acetal-functional alcohol 8 was utilized as a macroinitiator for 

the AROP of ethylene oxide. In contrast, however, the integrity of the acetals remained 

unaffected by drying of the macroinitiator without prior deprotonation. Three acetal-

containing PEG-lipids are presented in this study covering a molecular weight range of 2400 

to 3600 g mol-1 comparable to the ketal-functional lipids discussed above. SEC analysis 

revealed narrow, monomodal molecular weight distributions with dispersities Ð below 1.1 

(see Table 1). As an example, Figure 4 shows the 1H NMR spectrum of BisHD-A-PEG46 

measured in C6D6. The characteristic multiplet between 4.77 and 4.69 ppm corresponds to 

the acetal proton and verifies complete incorporation of the pH-cleavable moiety into the 

lipid structure. The complex splitting pattern of the signal derives from two 

diastereoisomers of the lipid and was observed for all polymer samples. As stated above for 

the ketal-functional lipids, molecular weights obtained from SEC were consistently 

underestimated compared to the values determined by NMR spectroscopy, however, results 

of both methods were in good agreement. Molecular weights were calculated from 1H NMR 

spectra considering the integral of the polyether backbone in relation to the alkyl methyl 

resonances.  
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Figure 4: 1H NMR spectrum of BisHD-A-PEG46 measured in C6D6 at 400 MHz. The region 

between 4.77 and 4.69 ppm was magnified to clarify the splitting pattern of the acetal signal.  

Furthermore, MALDI ToF mass spectroscopy served to prove the proposed lipid structure, 

revealing two sub-distributions in the spectrum of BisHD-A-PEG60 corresponding to sodium 

and potassium counterions of the polymer (See SI-Figure 10). Although α-cyano-4-

hydroxycinnamic acid (CHCA) and potassium trifluoroacetate (KTFA) were used as 

matrix/salt with slight acidity, no sign of acetal hydrolysis was apparent from the spectra. 

For comparative purposes, we additionally synthesized a non-cleavable PEG-lipid 6 with a 

molecular weight Mn of 2870 g mol-1 by implementing 1,2-bis-n-hexadecyl glycerol 2 as a 

macroinitiator (middle path, Scheme 1). The molecular characteristics of this polymer are 

given in Table 1. The straightforward access to a portfolio of structurally varied lipids 

discussed in the section above allows for a systematic investigation of the effect of different 

acid-labile moieties on the overall lipid properties. In the following section, we focus on 

kinetic studies with respect to pH-dependent hydrolysis of the novel acetal- and ketal-

containing, dialkyl-derived PEG-lipids. 
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5.1.3.3 Online 1H NMR Kinetics. 

In order to evaluate susceptibility of the pH-sensitive lipids towards acidic hydrolysis, time-

resolved 1H NMR spectroscopy in deuterated buffer was employed. This technique enables 

online monitoring of reaction kinetics in an NMR tube by examining time-dependent 

intensity changes of characteristic NMR signals and has been utilized recently to screen 

cleavage profiles of acetals and ketals.50 Since slightly acidic conditions (pH 5.5 to 6.5) have 

been reported for the tumor microenvironment of various cancer cells lines and 

inflammatory tissue,9 we studied the behavior of the lipids in a physiologically relevant pH 

range. To this end, cleavage profiles of BisHD-K-PEG68 and BisHD-A-PEG68 were 

investigated in buffered solutions of deuterium oxide with pD 5.4 (citrate-phosphate buffer) 

and 6.4 (phosphate buffer) at 37°C recording a set of 105 spectra in a time period of 8 h and 

24 h, respectively. An excerpt of the spectra obtained for the cleavage of BisHD-K-PEG68 at 

pD 6.4 is illustrated in Figure 5, revealing a consistent increase of the signal intensity at 

2.3 ppm corresponding to acetone formed by hydrolysis of the ketal. (See expected reaction 

equation in Figure 5) To assess the respective half-life t1/2-D2O of the lipid according to first 

order kinetics, the integral of the acetone signal was plotted against time t and analyzed by 

means of an exponential fit function (See Figure 5). Table 2 summarizes the results for the 

ketal-functional lipid exhibiting half-lives of ~ 40 min at pD 5.4, and ~ 4.5 h at pD 6.4, 

respectively. 

Table 2: Results of 1H NMR hydrolysis studies for BisHD-K-PEG68. 

BisHD-K-PEG68 t1/2-D2O / h a 

pD 5.4 0.67 ± 0.01 

pD 6.4 4.68 ± 0.08 

  

BisHD-A-PEG68 t1/2-D2O / h 

pD 3.4 10.98 ± 0.34 

a half-life of the lipid in buffered D2O at a given pD value. 

 

Closer examination of the cleavage profile reveals that the signal intensity of the PEG 

backbone remains constant, whereas alkyl resonances roughly prevail unaltered first, but 
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gradually decrease after a certain degree of decomposition. This observation might be 

explained by the presence of micelles in the NMR tube, causing solubilization of the cleaved 

alkyl chains in the micellar cores, thereby keeping their magnetic environment unchanged. 

As hydrolysis of the lipids progressed, stability of the micelles decreased, effecting an 

assembly of the hydrophobic fragments at the air-D2O interface that led to a drop in the 

signal intensity. Kim et al. performed NMR kinetic studies in buffered D2O by manual 

analysis of aliquots to determine the half-life of an acetone ketal-containing PEG 

dimethacrylate and found values ~ 14 min at pH 5.0. Given the structural difference and the 

slightly lower pH, these reports are consistent with our findings.51 



5 APPENDIX 

325 
 

 

Figure 5: A: Reaction equation for the hydrolysis of ketals (top). Online 1H NMR kinetic 

study monitoring ketal cleavage of the lipid in phosphate buffered D2O at 37°C. For 

illustrative purposes, an excerpt of 16 spectra is shown for the measurement of BisHD-K-

PEG68 at pD 6.4. However, a series of 105 spectra was recorded and analyzed for the study 

(bottom). B: Experimental results from 1H NMR kinetic studies for the hydrolysis of BisHD-

K-PEG68 at pD 5.4 and 6.4. The integrals of the acetone signal at 2.3 ppm are plotted against 

time t using an exponential fit of the general form given above to determine t1/2-D2O. 

In case of the acetal-functional lipid BisHD-A-PEG68, no sign of acetal hydrolysis was 

observed within a time period of 24 h at pD 5.4. Thereupon, the experiment was repeated 
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at pD 3.4. A selection of the spectra is presented in Figure 6, indicating the formation of 

acetaldehyde and acetaldehyde hydrate as hydrolysis products. Due to an overlap of the 

acetal proton signals with the NMR solvent peak, direct monitoring of acetal cleavage was 

not possible. Instead, combined signal intensities of the two hydrolysis products were 

considered to determine the half-life t1/2-D2O of ~ 11h.  

 

Figure 6: A: Expected reaction for the hydrolysis of acetals. B: Online 1H NMR kinetic study 

monitoring acetal cleavage of the lipid in citrate-phosphate buffered D2O at 37°C. For 

illustrative purposes, an excerpt of 18 spectra is shown for the measurement of BisHD-A-

PEG68 at pD 3.4, though a series of 105 spectra was recorded and analyzed for the study. C: 

Experimental results of 1H NMR kinetic studies for the hydrolysis of BisHD-A-PEG68 at 

pD 3.4. The combined integrals of the acetaldehyde signal (9.8 ppm) and acetaldehyde 

hydrate (5.4 ppm) are plotted vs. time t, using an exponential fit to determine t1/2-D2O. 

The results of the NMR kinetics indicate that cleavage of ketals occurs at a rate several 

orders of magnitude higher than the hydrolysis rate of acetal. These findings have motivated 
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us to take a closer look at the behavior of the pH-sensitive lipids in liposomal formulations 

via alternative techniques. 

5.1.3.4 pH-triggered Liposome Shedding 

In this section we aim at elucidating the behavior of liposomes modified with the pH-

sensitive lipids introduced in the sections above to evaluate their potential for pH-

responsive drug carriers. For this purpose, two parallel experiments were designed to 

investigate shedding of the PEG stealth layer from the liposomal surface. To monitor the 

cleavage profiles, fluorescent dyes (Atto 488 azide) were covalently attached to the pH-

sensitive PEG-lipids using copper(I)-catalyzed azide-alkyne click chemistry (CuAAC), and 

PEG shedding from liposomes was analyzed by fluorescence spectroscopy (FS) and 

polyacrylamide gel electrophoresis (PAGE). The in situ fluorescence spectroscopy assay has 

been introduced in a previous study,52 however, has so far not been used to quantify rates 

of hydrolysis. Liposomes were prepared by means of dual centrifugation (DC) replacing 5 

mol% of the total amount of lipids (egg phosphatidylcholine EPC, and cholesterol) with the 

novel pH-sensitive PEG-lipids. Cell viability of liposomes containing alkyne-functional 

lipids was evaluated via MTT assays (Figure 7), revealing high cellular compatibility 

comparable to conventional liposomes (CL) and sterically stabilized liposomes (SSL, DSPE-

mPEG2000). 
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Figure 7: Cell viability test (MTT assay) for liposomes containing alkyne-functional PEG-

lipids (BisHD-PEG62, BisHD-A-PEG46, BisHD-K-PEG40) in comparison to conventional 

liposomes (CL) and sterically stabilized liposomes (SSL, DSPE-mPEG2000).  

The post-preparational dye-labelling of stealth liposomes via CuAAC has been 

demonstrated in previous works.43 In case of FS analysis, fluorescently labelled liposomes 

were studied in buffered solutions in a pH range of 2.4 to 5.4. Prior to use, cuvette surfaces 

were incubated with plain EPC/cholesterol liposomes to prevent amphiphile adsorption. At 

first, susceptibility of acetal-containing PEG-lipids in liposomes towards acidic hydrolysis 

was pursued, as slower rates of hydrolysis could be expected. Figure 8 B illustrates the results 

of time-dependent FS analysis for dye-labelled liposomes prepared from BisHD-A-PEG46-

Alkyne. The fluorescence intensities are plotted vs. time t for spectra recorded within a 

period of 24 h at 37 °C.  
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Figure 8: A: Schematic post-preparational dye-labelling of liposomes and subsequent pH-

triggered shedding. B: Fluorescence spectroscopy analysis of pH-dependent shedding for 

dye-labelled BisHD-A-PEG46 liposomes at 37 °C. C: Example of a PAGE fluorescence scan 

for the cleavage analysis of BisHD-A-PEG46 in liposomes at pH 3.4.(left) pH-dependent 

cleavage profiles for BisHD-A-PEG46 liposomes analyzed via PAGE analysis (right) at 37 °C. 

A systematic increase of the fluorescence signal was detected for pH values of 2.4 to 4.4, 

whereas at higher pH, intensities remained approximately constant throughout the time of 

measurement (see Figure 8 B). Control measurements assured that the fluorescence increase 

was not due to reaction of the fluorophore itself and that compounds without a cleavable 

group (BisHD-PEG62-Alkyne) did not show this fluorescence increase (compare SI-Figure 

13). The incline of fluorescence intensities can be associated with the cleavage of acetal 

moieties and consequently the detachment of dye-labelled PEGs from the liposomes. 
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Presumably, in case of unscathed acetal linkages, dyes were located in proximity to the 

liposomal surface, promoting thermal relaxation of excited fluorophores that lead to 

quenching of the fluorescence intensity. After acidic cleavage of acetals, the weakened 

interactions of fluorophores with the vesicles’ surfaces effected an increased fluorescence 

emission. In addition, inner filter effects were expected to lower fluorescence emission while 

fluorophores were bound to the surfaces. Half-lifes t1/2 were determined via an exponential 

fit revealing values of ~ 1 h (pH 2.4) and ~ 4 h (pH 3.4). (See Table 3) At pH 4.4, a slow 

gradual increase was observed, albeit unsuitable for quantitative analysis.  

Table 3: Half-lives of BisHD-A-PEG46 and BisHD-K-PEG40 liposomes at different pH values. 

Half-life t1/2 / h 

pH 2.4 3.4 4.4 5.4 6.4 7.4 

                                                                               BisHD-A-PEG46 

FS 1.04 ± 0.01 4.48 ± 0.32 n.d. n.d. s.h. s.h. 

PAGE 0.59 ± 0.08 4.16 ± 0.45 10.72 ± 1.47 21.09 ± 2.83 s.h. s.h. 

                                                                               BisHD-K-PEG40 

FS r.h. r.h. 0.01 0.17 ± 0.02 4.01 ± 0.70 19.50 ± 0.28 

PAGE r.h. r.h. 0.01 0.15 ± 0.01 3.11 ± 0.28 13.10 ± 0.80 

r.h.(rapid hydrolysis): t1/2 < 10s; n.d.: not determinable; s.h.(slow hydrolysis): half-life exceeds 24 h. 

As a reference experiment, polyacrylamide gel electrophoresis (PAGE) was conducted to 

evaluate the results from FS and furthermore to investigate the cleavage profiles on a longer 

time scale. To this end, dye-labelled liposomes of BisHD-A-PEG46-Alkyne were prepared as 

discussed above and incubated at 37 °C in buffered solutions (pH 2.4 to 7.4). Samples were 

taken within a period of 96 h, neutralized in PBS buffer (pH 7.4) to prevent further acetal 

hydrolysis and subsequently analyzed on an agarose gel by measuring the fluorescence 

intensity of the cleaved PEG-dye fractions (See Figure 8 C). The data suggest that intact 

liposomes showed no migration, whereas cleaved polymers migrated through the gel 

effecting increased emission intensities with longer times of incubation. Figure 8 C (right) 

shows the time-dependent fluorescence signal for different pH values revealing a 

continuous increase of the signal intensities at pH values below 6.4. As expected, faster 

cleavage rates were observed at lower pH values. Half-lifes t1/2 were determined from an 
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exponential fit ranging from 1 h (pH 2.4) to 21 h (pH 5.4). (See Table 3) A comparison of the 

half-lives at pH 2.4 and 3.4 obtained from FS and PAGE reveals that results of both methods 

are in good agreement. At pH values exceeding 5.4, the rates of acetal hydrolysis were too 

slow to be detected by the two techniques.  

In an analogous manner, liposomes were prepared from the ketal-functional PEG-lipid 

BisHD-K-PEG40-Alkyne and subsequently, their susceptibility towards acidic hydrolysis was 

analyzed via FS and PAGE, as described above in a pH range from 3.4 to 7.4 at 37 °C. (See 

Figure 9) Due to significant differences in the rates of hydrolysis at different pH values, 

separate plots were chosen for each set of data points. Half-lifes t1/2 were calculated from 

exponential fits and values are summarized in Table 3. Both techniques consistently 

demonstrated rapid cleavage of ketals at pH 4.4 (t1/2 ~ 40 s) and 5.4 (t1/2 ~ 10 min), whereas 

at pH 6.4 slower rates of hydrolysis with values of t1/2 in the order of ~ 3.5 h were 

determined. As observed above, results obtained via FS fit well with the results from PAGE 

analysis. Figure 9 visualizes the concordant curve profiles for the two measurements. At pH 

7.4, small discrepancies between the two techniques are visible, however values are in the 

same order of magnitude. Below pH 4.4, complete scission of the PEG-lipids occurred in 

less than 10 s and was beyond the time resolution of the techniques employed in this study. 

Slow hydrolysis of ketals at pH 7.4 might require storage of the liposomal formulations at 

higher pH values after preparation. Therefore, we investigated the stability of ketal residues 

at pH 8.4 and found half-lifes (PAGE analysis) exceeding 130 h (data not shown) that 

account for the high stability of the liposomes under slightly basic storage conditions.  
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Figure 9: A: Fluorimetric analysis of liposome disintegration at 37 °C for dye-labelled BisHD-

K-PEG40 liposomes at different pH. Data points are visualized in separate plots as time scales 

differ significantly. B: PAGE analysis of the dye-labelled BisHD-K-PEG40 liposomes in a pH 

range of 4.4 to 7.4 at 37 °C. 

Clearly, values obtained for the half-life t1/2 of acetal- and ketal-containing lipids in 

liposomes via FS/PAGE were generally lower than values calculated from online 1H NMR 

kinetics for the pure lipids (Compare Table 2 and Table 3). Several factors might contribute 

to these differences. For instance, the liposomal surface contains multiple, negatively 

charged moieties, creating a more polar environment in closer proximity to the cleavable 

linkages that might lead to accelerated rates of hydrolysis. Similar findings have been 

observed for lipids containing vinyl ethers as pH-cleavable units in the presence of 

negatively charged phosphates.29 Another influence might derive from the different 

hydrolysis kinetics of acetals and ketals in D2O and H2O, respectively due to the kinetic 

deuterium isotope effect.53 It is noteworthy that discrepancies were more pronounced for 

acetal-based lipids, whereas, in case of ketals, values were of the same order of magnitude. 

This might be due to the transition of volatile acetaldehyde into the gas phase, rendering it 

undetectable by NMR, and hence, causing a drop in signal intensities. These findings 

suggest great potential for these functionalizable, pH-sensitive lipids in liposomal research, 

as they allow for pH-triggered release strategies combined with active cell targeting and/or 
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simultaneous polymer/carrier trafficking. The in vivo behavior of the PSLs discussed in this 

study is under current investigation.  

5.1.4 Conclusion 

In this work, we introduce a novel class of pH-sensitive PEG-lipids based on bishexadecyl 

glycerol anchor groups containing acetal and ketal moieties as cleavable linkages. The use 

of polyether-based lipids with dialkyl chains in liposomes has recently been proven 

particularly advantageous, as dialkyl anchors are stably entrenched in liposomal 

membranes.39 A prototype synthesis route has been developed that provides straightforward 

access to asymmetric ketals in PEG-lipids. Acetal- and ketal-functional dialkyl glycerol 

derivatives were utilized as macroinitiators for the anionic ring-opening polymerization 

(AROP) of ethylene oxide to obtain amphiphilic PEG-block structures in a molecular weight 

range of 2000 to 3500 g mol-1 with narrow molecular weight distributions (Ð = 1.04 - 1.08). 

Integrity of the acid-cleavable moieties was proven by 1H, IG 13C NMR spectroscopy and 

MALDI ToF mass spectrometry.  

In order to evaluate susceptibility of the lipids towards acidic hydrolysis, real-time 1H NMR 

kinetic studies were performed in D2O revealing rapid cleavage of the ketals t1/2-D2O ~ 1h 

(pD 5.4), ~ 5 h (pD 6.4) and significantly slower hydrolysis for the acetals. Furthermore, pH-

responsiveness of the scissile PEG-lipids in liposomes at physiologically relevant pH was 

investigated by means of fluorescence spectroscopy and agarose gel electrophoresis. In 

accordance with the results from NMR kinetic studies, acetal hydrolysis occurs at a 

distinctly slower rate with half-lives of ~ 21 h (pH 5.4) compared to the fast cleavage of 

ketals with half-lives t1/2 of ~ 10 min (pH 5.4), ~ 3.5 h (pH 6.4). These cleavage profiles, in 

particular, render the ketal-functional PEG-lipids promising candidates for pH-triggered 

drug release strategies from liposomes. Due to lowered pH values in the microenvironment 

of various tumor cell lines,9 pH-sensitive stealth liposomes represent a promising class of 

drug carrier systems for anticancer treatment. A combination of the slowly hydrolyzing 

acetal PEG-lipid species endowed with target moieties such as folate or mannose to achieve 

active cell targeting, and the rapidly hydrolyzing ketal PEG-lipid ensuring pH-triggered 

shedding of the liposome inside the tumor tissue, might further improve cellular uptake and 

may reduce accelerated blood clearance (ABC phenomenon). These results demonstrate the 
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great potential of the pH-sensitive lipids enabling further post-functionalization strategies 

and render them an innovation for pH-triggered release strategies from liposomal drug 

carriers. Future experiments will focus on the in vivo performance of these acid-sensitive 

PEG dialkyl-lipids in liposomal formulations. 
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5.1.6 Supporting Information 

5.1.7 Polymer synthesis and characterization. 

 

SI-Figure 1: 1H NMR spectrum of the macroinitiator 4 measured in C6D6 at 400 MHz. 

 

SI-Figure 2: 13C NMR spectrum of the macroinitiator 4 measured in C6D6 at 100 MHz. 
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SI-Figure 3: HSQC 2D NMR spectrum of BisHD-K-PEG measured in C6D6. 

 

SI-Figure 4: HMBC 2D NMR spectrum of BisHD-K-PEG measured in C6D6. 
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SI-Figure 5: 1H NMR Spectrum of BisHD-K-PEG37 measured in C6D6 at 400 MHz. 

 

SI-Figure 6: 1H NMR Spectrum of BisHD-K-PEG40-Alkyne in C6D6 measured at 400 MHz. 
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SI-Figure 7: 1H NMR spectrum of BisHD-Acetal-Acetate measured in C6D6 at 400 MHz. 

 

SI-Figure 8: 1H NMR spectrum of the macroinitiator 8 measured in CD2Cl2 at 400 MHz. 
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SI-Figure 9: 13C NMR spectrum of BisHD-A-PEG46 measured in C6D6 at 100 MHz. 

 

SI-Figure 10: MALDI-ToF mass spectrum of BisHD-A-PEG using a KTFA/CHCA matrix 

recorded in reflectron mode. 



5 APPENDIX 

345 
 

 

SI-Figure 11: 1H NMR spectrum of BisHD-A-PEG46-Alkyne measured in C6D6 at 400 MHz. 

 

SI-Figure 12: SEC trace of BisHD-PEG62 measured in DMF using RI detection. 
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SI-Figure 13: Fluorescence trace of amphiphile without a cleavable group at pH 2.4. No 

increase in fluorescence was measurable.
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 Kursleitung: Prof. Dr. Michael Hildebrand 

 

Praxiserfahrungen 

 

04/2018 – 01/2020 Wissenschaftlicher Assistent für Organische Chemie und Polymerchemie 

Johannes Gutenberg-Universität Mainz  

Betreuung von Bachelorstudenten und Studenten im organisch-chemischen 

Grundpraktikum 

 

03/2018 – 05/2018 Wissenschaftlicher Assistent für das Praktikum „Biopolymere und 
medizinisch relevante Polymere“ 

Johannes Gutenberg-Universität Mainz 
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10/2016 – 02/2017 Übungsleiter der Vorlesung „Biopolymere“ 

Johannes Gutenberg-Universität Mainz  

 Kursleitung: Prof. Dr. Holger Frey, Prof. Dr. Volker Mailänder 

 

06/2015 – 11/2015 Hilfswissenschaftler für das Praktikum „Chemie für Biologen“ 

Johannes Gutenberg-Universität Mainz  

Kursleitung: Dr. Manfred Müller 

 

Qualifikationen 

 

Sprachen Deutsch:  Muttersprache 

Englisch:  Sehr gut in Wort und Schrift 

Französisch:  Grundkenntnisse 

 

EDV MS Office, LaTeX, MestReNova, ChemDraw, Scifinder, Reaxys, Mendeley, 
Biorender 

 

Nationale und internationale Konferenzen  

 

02/2019 Macromolecular Colloquium, Freiburg 

„Polymers and the Digital Age“ 

 

09/2018 Symposium der Sonderforschungsbereiche 1066 und 1278 

„Nanomedicine: Is there more than Tumor Targeting?“, Mainz 

 

09/2018 CLINAM Konferenz, Basel, Schweiz 

„11th European and Global Summit for Clinical Nanomedicine, Targeted 

Delivery and Precision Medicine – The Building Blocks to Personalized  

Medicine“ 

 

05/2018 Bordeaux Polymer Conference 2018, Bordeaux, Frankreich 
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02/2018 Macromolecular Colloquium, Freiburg 

„Far from Equilibrium Macromolecular Systems“ 

 

09/2017 JGU & KIT Symposium on Polymer Science, Mainz 

 

Publikationen und Beiträge 

 

(1) Becker, E., Grus, T.; Klasen, B.; Frey, H.; Rösch, F. 18F-labeled, PSMA-specific liposomes: 
promising and PET-traceable tool for future targeted drug delivery in the treatment of 
prostate cancer. To be submitted. 
 

(2) Becker, E.; Fuß, F.; Frey, H. Design of pH-Degradable Cholesterol-based Polyether Lipids 
for the Conjugation of Small Molecules. To be submitted. 
 

(3) Becker, E.; Gleue, L.; Frey, H., Helm, M. Vinylether-functional Dialkyl-PEG Lipids for pH-
Responsive Liposomes. To be submitted. 
 

(4) Becker, E.; Matthes, R.; Gleue, L.; Frey, H., Helm, M. Thiazolidine-based Glycidyl Ethers 
for the Anionic Ring-Opening Polymerization. To be submitted. 
 

(5) Worm, M; Fritz, T.; Becker, E.; Jung, F.; Leibig, D.; Helm, M.; Frey, H. Ketal- and Acetal-
Functional Dialkyl-PEG Lipids for pH-Sheddable Stealth Liposomes. To be submitted. 
 

(6) Gleue, L.; Schupp, J.; Zimmer, N.; Becker, E.; Frey, H.; Tuettenberg, A.; Helm, M. Stability 
of Alkyl Chain-Mediated Lipid Anchoring in Liposomal Membranes. Cells 2020, 9 (10), 1–
13. https://doi.org/10.3390/cells9102213. 
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