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 Motivation and Objectives 

Motivation and Objectives 

The unique properties of aliphatic polyethers have always attracted strong attention and have given 

rise to numerous applications in industries and academia. In particular, poly(ethylene glycol) PEG 

exhibits fascinating properties. Aside from its chemically inert and flexible structure, which is typical 

for aliphatic polyethers, PEG is highly water-soluble, non-toxic, and almost non-immunogenic. 

Therefore, PEG has been universally employed as a hydrophilic polymeric component in various 

fields of research, including food technology and cosmetics industries in addition to more 

specialized applications in biomedicine and nanotechnology. For example, amphiphilic, surface-

active polymers (surfactants) containing PEG as nonionic, hydrophilic building blocks are utilized as 

detergents and lubricants in industrial processes, and are employed as emulsifying agents for the 

preparation of nanoparticles via emulsion polymerization techniques. Most prominently, PEG is 

frequently used to improve the pharmacokinetic properties of therapeutic drugs or nanoscale drug 

carrier systems. Covalent attachment of PEG to bioactive molecules or to the surface of 

nanoparticles, known as PEGylation, enhances or conveys water solubility, avoids recognition by 

cells of the immune system and reduces the rate of renal filtration, resulting in prolonged blood 

circulation times and a reduction of undesired effects. In particular, PEGylated lipids have attracted 

considerable attention in liposomal research and have proven advantageous for the design of 

sterically stabilized liposomes (“stealth liposomes”).  

Although PEG promotes various favorable properties as outlined for the above-mentioned systems, 

the non-degradability of polyethers constitutes a drawback to many of these applications. For 

instance, the use of PEG for biomedical purposes is restricted to an upper molecular weight limit of 

around 30.000 g mol-1 to avoid accumulation in the tissue that can lead to storage diseases and 

potentially liver cancer. In nanomedicine, the presence of a PEG “stealth” layer on the surface of 

liposomes results in enhanced stability profiles, albeit at the expense of hampered cellular uptake 

and restrained drug release from the carriers. If nanoparticles are prepared by emulsion 
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polymerization processes, they usually suffer from large amounts of surfactant that may 

compromise the particle properties and can raise environmental concerns. Here, the non-

degradability of polyether-based surfactants such as PEO-b-PPO-b-PEO copolymers (poloxamers) 

prevents controlled fragmentation of the surfactant after MEPs that would enable an efficient 

removal of the additive from the nanoparticles. 

To address these drawbacks, the incorporation of pH-cleavable moieties into the PEG backbone or 

into PEG-based lipids and surfactants is considered as highly promising to allow for a triggered 

degradation to smaller fragments upon changes in pH. Depending on the application, scission of 

polymers could be induced by exploiting idiosyncrasies of certain physiological media e.g. the 

lowered pH values in tumor microenvironments and in cellular compartments to facilitate PEG 

fragmentation or the detachment of PEG from stealth liposomes, enabling rapid degradation. 

Alternatively, scission could also be initiated by an external control of the pH in case of cleavable 

PEG-derived surfactants used for nanoparticle preparation. In this context, the major objective of 

this thesis is the design of general pathways to novel pH-cleavable PEGs and PEG-based amphiphilic 

polymer structures. 

Aside from a lack of degradability, PEG solely contains two hydroxyl groups available for chemical 

modification that can limit its utility, if the attachment of multiple functional molecules is necessary, 

for example to permit active targeting and carrier trafficking of liposomes. In this case, 

hyperbranched polyglycerol (hbPG) can serve as a multifunctional PEG substitute, and a spin-off 

project of this thesis focusses on evaluating the properties of hbPG-lipids in comparison to PEG-

based lipids. 

The specific objectives of this thesis are summarized in the following:  

i) pH-Cleavable Surfactants for Mini Emulsion Polymerizations (MEPs): The synthesis of pH-

cleavable polyether-based amphiphiles as surfactants for miniemulsion polymerizations (MEPs) is 

the focus of the first part of this thesis. The separation of surfactants from nanoparticles represents 
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a major challenge with MEPs as discussed above. To this end, poloxamer analogous structures (PEO-

b-PPO-b-PEO copolymers) with in-chain pH-hydrolyzable acetal units are synthesized and used in a 

collaboration with the group of Dr. Frederik Wurm (Max Planck Institute for Polymer Research) to 

stabilize nanoparticles during MEP, allowing for an efficient removal of the surfactant fragments 

after particle formation via acid-triggered surfactant cleavage.  

ii) Overcoming the Non-Degradability of PEG – pH-cleavable P(EPB-co-EG) copolymers: The non-

degradability of PEG limits its utility to an upper molecular weight threshold in biomedical 

applications. To extend the scope of PEG beyond these restrictions, in this part of the thesis, 

copolymerization of 3,4-epoxy-1-butene (EPB) with ethylene oxide is explored to incorporate 

multiple pH-hydrolyzable vinyl ether moieties into the backbone of PEG to allow its degradation. 

These potential PEG substitutes should combine a well-defined structure with controlled hydrolysis 

kinetics at physiologically relevant pH and the possibility to conjugate other functional molecules 

e.g. therapeutic drugs.  

iii) pH-cleavable PEG-Lipids: Acid-sensitive polyether-based lipids appear ideally suited to exploit 

the lowered pH in the microenvironment of tumors or in cellular compartments for triggered 

release strategies from liposomes. Upon shedding of the PEG stealth layer at the site of action, 

cellular uptake and release of cargo are promoted. The major objectives for this part of the thesis 

are to establish a synthesis for well-defined, pH-cleavable PEG-lipids with tunable hydrolysis 

kinetics that allow either burst PEG shedding or slow controlled hydrolysis under mild acidic 

conditions (pH 5 - 6). Shedding properties of lipids in liposomal formulations are investigated in a 

collaboration with the group of Prof. Mark Helm (Institute of Pharmacy and Biochemistry, Johannes 

Gutenberg-University Mainz). The lipids should be functionalizable at the chain end to permit 

carrier/lipid trafficking, and in addition, should be stably entrenched in the bilayer membrane. 

Finding cleavable moieties that can be introduced in a few synthetic steps and withstand anionic 

polymerization conditions, but at the same time enable the desired burst release profiles is one 

particular challenge in this part.  
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iv) Multifunctional Polyether-Based Lipids in Liposomes: Besides stimuli-responsiveness of 

liposomes, the perspective to attach multiple functional molecules onto polyether-based lipids to 

achieve a multivalence effect in active targeting is highly desired for liposomal carriers. By 

synthesizing multifunctional hbPG- and monofunctional PEG-based lipids of similar molecular 

weights, the influence of the polymer architecture on the properties of liposomes prepared via dual 

centrifugation should be studied in a collaboration with the group of Prof. Mark Helm (Institute of 

Pharmacy and Biochemistry, Johannes Gutenberg-University Mainz). Furthermore, positron 

emission tomography (PET) imaging should serve to evaluate biodistribution of 18F-labeled lipid 

components and liposomes in vivo in a collaboration with the group of Prof. Frank Rösch (Institute 

of Nuclear Chemistry, Johannes Gutenberg-University of Mainz).  

In the appendix, several chapters summarize coauthored contributions to other research areas in 

the field of polyether chemistry that result from projects with other collaboration partners and 

colleagues from the group of Prof. Frey. These contributions specifically tackle the membrane 

stability of cholesterol- and dialkyl-derived polyether-lipids in liposomes, as well as the 

development of pH-degradable hyperbranched polyglycerol-based lipids. 

 



 

11 
 

 Abstract 

Abstract 
 

The use of polyethylene glycol (PEG) is diverse, ranging from food technology and cosmetics to 

applications in nanotechnology and pharmaceutical industries. However, despite the various 

favorable properties of PEG, its non-degradability and the low number of functional groups can be 

a drawback to many applications. The aim of this thesis is to establish cleavability of PEG and PEG-

derived lipids and surfactants by exploring novel synthetic pathways to incorporate pH-

hydrolyzable moieties into the polyether structures. A strong emphasis is put on elucidating the 

hydrolysis kinetics of the novel materials to evaluate their potential for future applications. 

Furthermore, hyperbranched polyglycerol (hbPG) architectures are investigated that contain a large 

number of hydroxyl functionalities, which render hbPGs interesting PEG substitutes if 

multifunctionality of the polyether is a requirement. 

Chapter 1.1 serves as an introduction to the chemistry of PEG and presents an overview on various 

routes to incorporate functional moieties into the backbone or at the chain ends of PEG. A particular 

focus is directed at the anionic ring-opening polymerization (AROP) of epoxide monomers, which 

constitutes the fundamental polymerization technique employed in this thesis. Chapter 1.2 

represents an introduction into liposome research, which highlights the development of sterically 

stabilized liposomes (“stealth liposomes”), active cell targeting and stimuli-responsive drug release 

strategies. Especially, the usefulness of pH-cleavable PEG-lipids in liposomal formulations is 

illustrated. In Chapter 1.3 block copolymers composed of poly(propylene oxide) (PPO) and PEG 

(denoted as PEO) are introduced, focusing on the broad range of applications for PEO-b-PPO-b-PEO 

copolymers (poloxamers) as surfactants and reflecting recent trends in this area. An overview on 

cleavable PEG architectures is given in Chapter 1.4 summarizing current achievements in 

addressing the non-degradability of PEG. Problems arising from PEG’s biopersistence are discussed 

that, for instance, set an upper molecular weight limit of PEG for the use in biomedical applications. 
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Chapters 1.3 and 1.4 are sections of a comprehensive review article that was published in Chemical 

Reviews. 

In Chapter 2, the design of pH-cleavable poloxamer analogs (PEO-b-PPO-b-PEO copolymers) is 

presented that contain acid-sensitive acetal linkages at the block junctions. In a proof-of-concept 

experiment, the novel amphiphilic polymers were used as surfactants for the miniemulsion 

polymerization of styrene in a collaboration with the group of Dr. Frederik Wurm (Max Planck 

Institute for Polymer Research) to prepare well-defined polystyrene nanoparticles. pH-triggered 

precipitation of these nanoparticles from stable miniemulsions allowed efficient removal of 

surfactant fragments to obtain additive-free nanoparticles. Separation of surfactants is a major 

challenge with MEPs, however, is desirable due to environmental concerns and potential 

surfactant-mediated changes of particle properties.    

To address the non-degradability of PEG, in Chapter 3 the anionic ring-opening copolymerization 

of ethylene oxide and 3,4-epoxy-1-butene (EPB) was explored to introduce multiple pH-sensitive 

vinyl ether moieties in the PEG backbone after catalytic isomerization of the allylic double bonds. 

Well-defined, acid-cleavable copolymers of tailorable molecular weight with low contents of EPB (4 

mol%) were synthesized in an efficient two-step procedure. Analysis of degradation products via 

SEC indicated moderate molecular weight distribution (Ð = 1.6 – 1.8). Hydrolysis profiles of pH-

cleavable P(EPB-co-EG) copolymers were monitored by 1H NMR spectroscopy in a physiologically 

relevant pH range of 4.4 to 5.4, revealing promising cleavage kinetics with respect to biomedical 

application, e.g. for cleavable, long-circulating polymer-drug conjugates.  

The synthesis of pH-sensitive PEG-lipids with in-chain cleavable ketal and acetal units for the 

application in pH-responsive “stealth” liposomes is reported in Chapter 4. To this end, a novel 

synthesis strategy towards asymmetric ketals in polymers was developed providing access to PEG-

lipids of tunable molecular weights and with a defined hydroxyl end group facilitating post-

modification reactions. In situ 1H NMR kinetic studies on the hydrolysis rates of the pure lipids 
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suggested significantly faster cleavage of ketals compared to acetals. The behavior of the lipids in 

liposomal formulations was further analyzed via time-resolved fluorescence spectroscopy and gel 

electrophoresis assays in a collaboration with the group of Prof. Mark Helm (Institute of Pharmacy 

and Biochemistry, Johannes Gutenberg-University Mainz), to monitor pH-dependent detachment 

of PEG from the liposomal surface. Highly promising PEG shedding properties in mildly acidic media 

(pH 5.5 to 6.5) were found for the ketal-functional PEG-lipids that suggest great potential for pH-

triggered drug release strategies from liposomes e.g. in tumor therapy. 

In liposomal research, hbPGs are promising alternatives to PEG as they can convey a multivalence 

effect in active cell targeting. In order to study the effect of the polyether architecture on liposomal 

properties, in Chapter 5 dialkyl-functional hbPG- and PEG-lipids were synthesized with molecular 

weights of 3 to 7 kg mol-1. A novel linPG-lipid precursor offered access to the hbPG-lipids using slow 

monomer addition of the latent AB2-type monomer glycidol. Liposomes containing linear or 

hyperbranched lipids were prepared by dual centrifugation in a collaboration with the group of 

Prof. Mark Helm (Institute of Pharmacy and Biochemistry, Johannes Gutenberg-University Mainz). 

Tuning of the diameter of liposomes in a range below 100 nm could be achieved, which has been 

proposed as an optimum for antitumor therapy. First in vivo biodistribution studies of 18F-

radiolabeled lipids by positron emission tomography (PET) imaging were performed in collaboration 

with the group of Prof. Frank Rösch (Institute of Nuclear Chemistry, Johannes Gutenberg-University 

Mainz) that suggest efficient renal clearance of the PEG-/hbPG-lipids. In addition, blood circulation 

of radiolabeled, polyether-modified liposomes for more than 1 h was observed, providing evidence 

for hbPG-mediated “stealth” properties of liposomes in vivo.
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 Zusammenfassung 

Zusammenfassung 
 

Polyethylenglykol (PEG) ist ein hydrophiler, aliphatischer Polyether mit einem breiten 

Anwendungsspektrum in Nahrungsmitteln und Kosmetikartikeln. PEG findet zudem vielfachen 

Einsatz in der pharmazeutischen Industrie sowie der Nanotechnologie. Trotz der mannigfachen, 

wertvollen Eigenschaften von PEG stellen in vielen Anwendungen sowohl das chemisch robuste 

PEG-Rückgrat als auch die geringe Anzahl funktioneller Gruppen erhebliche Nachteile dar. Im 

Rahmen dieser Arbeit wurden verschiedene Synthesestrategien entwickelt, die eine gezielte, pH-

gesteuerte Spaltbarkeit von PEG, PEG-basierten Lipiden und Tensiden ermöglichen. Große 

Aufmerksamkeit galt dabei der Untersuchung der Hydrolysekinetiken der neuartigen Materialien, 

um deren Potential im Hinblick auf zukünftige Anwendungsgebiete zu evaluieren. In einem 

weiteren Projektabschnitt wurden hyperverzweigte Polyglycerin-Strukturen synthetisiert, die 

wegen ihrer Vielzahl an funktionellen Hydroxylgruppen als vielversprechende Alternativen zu PEG 

diskutiert werden. 

Kapitel 1.1 gibt eine kurze Einführung zur Chemie von PEG, in deren Verlauf unterschiedliche 

synthetische Ansätze zum Einbau funktioneller Gruppen in das Polyetherrückgrat bzw. an den 

Kettenenden vorgestellt werden. Ein besonderes Augenmerk liegt hierbei auf der anionischen Ring-

Öffnungspolymerisation (AROP), welche die grundlegende Polymerisationstechnik dieser Arbeit 

darstellt.  

Kapitel 1.2 bietet eine Übersicht zu Liposomen als Wirkstofftransportsysteme und präsentiert 

aktuelle Entwicklungen in den Bereichen sterisch stabilisierte Liposomen („Stealth Liposomen“), 

aktives Targeting und stimuli-gesteuerte Wirkstofffreisetzung. Insbesondere die Vorteile von pH-

spaltbaren PEG-Lipiden in liposomalen Formulierungen werden in diesem Kapitel diskutiert.  

Blockcopolymer-Strukturen auf Basis von Polypropylenoxid (PPO) und PEG (bzw. PEO), mit einem 

Schwerpunkt auf PEO-b-PPO-b-PEO Copolymeren (Poloxameren), werden in Kapitel 1.3 vorgestellt 
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sowie deren breites Anwendungsspektrum als Tenside. Zudem werden aktuelle Trends im Bereich 

nicht-ionischer, PEO-/PPO-basierter Tenside erörtert.  

Die Nachteile der Nicht-Abbaubarkeit von PEG im Hinblick auf Molekulargewichtsbeschränkungen 

für den Einsatz in der Biomedizin stehen im Fokus der Betrachtung in Kapitel 1.4, wobei vor allem 

aktuelle Entwicklungen auf dem Gebiet der spaltbaren PEGs zusammengefasst werden. Kapitel 1.3 

und 1.4 sind Auszüge aus einem umfassenden Übersichtsartikel, der in der englischsprachigen 

Zeitschrift Chemical Reviews publiziert wurde.  

Kapitel 2 beschäftigt sich mit der Herstellung von Acetal-funktionellen, amphiphilen PEO-b-PPO-b-

PEO Copolymeren und deren Einsatz als pH-spaltbare Tenside (Surfactants) in 

Miniemulsionspolymerisationen (MEPs). Die säurespaltbaren Poloxamer-Analoga wurden in einem 

Proof-of-Concept Experiment zur Herstellung von Polystyrol-Nanopartikeln mittels MEP in 

Kooperation mit der Arbeitsgruppe von Dr. Frederik Wurm (Max-Planck-Institut für 

Polymerforschung) verwendet. Durch eine pH-gesteuerte Spaltung der Polyether-Tenside konnte 

eine Präzipitation der Nanopartikel induziert werden, die eine effiziente Abtrennung der Additive 

ermöglicht, wodurch Tensid-freie Nanopartikel erhalten wurden. Diese sind zum einen aus 

umwelttechnischen Gesichtspunkten von Bedeutung, zum anderen können enthaltene Tenside 

eine Beeinträchtigung der Partikeleigenschaften bewirken. Die Abtrennung von nicht-spaltbaren 

Tensiden nach erfolgreicher MEP ist häufig mit großem Aufwand verbunden. 

Die Synthese pH-spaltbarer PEGs mit einer einstellbaren Anzahl an säurelabilen Vinylether-Gruppen 

im Polyetherrückgrat und einer definierten Hydroxyl-Endgruppe wird in Kapitel 3 behandelt. Durch 

die anionische ring-öffnende Copolymerisation von 3,4-Epoxy-1-butene (EPB) und Ethylenoxid mit 

anschließender katalytischer Isomerisierung der Allylether-Gruppen konnten engverteilte, pH-

spaltbare P(EPB-co-EG) Copolymere mit niedrigen Anteilen an EPB (4 mol%) in einer zweistufigen 

Synthese hergestellt werden. Durch gelpermeationschromatographische Untersuchungen wurden 

moderate Molekulargewichtsverteilungen (Ð = 1.6 – 1.8) der Spaltprodukte ermittelt. Die 
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Untersuchung der Hydrolysekinetik der Copolymere durch in situ 1H NMR Spektroskopie in einem 

physiologisch-relevanten pH-Bereich (4.4 – 5.4) zeigte vielversprechende Abbaukinetiken im 

Hinblick auf biomedizinische Anwendungen, z.B. für spaltbare, langzirkulierende Polymer-

Wirkstoff-Konjugate. 

Kapitel 4 beschreibt die Synthese von pH-spaltbaren PEG-Lipiden mit säurelabilen Acetal- und 

Ketal-Gruppen und deren Einsatz in pH-responsiven „Stealth“-Liposomen. Eine neue 

Synthesestrategie zur Einführung asymmetrischer Ketale in Polymere wurde entwickelt, um PEG-

Lipide mit einstellbaren Molekulargewichten und einer definierten Hydroxyl-Endgruppe zu 

generieren, wodurch weitere polymeranaloge Umsetzungen möglich sind. Mit Hilfe von in situ 1H 

NMR Spektroskopie konnte eine signifikant höhere Hydrolysegeschwindigkeit der Ketal-PEG-Lipide 

im Vergleich zu den Acetal-Derivaten nachgewiesen werden. Die Abspaltungskinetik der PEG-

Ketten von der Liposomen-Membran konnte durch speziell entwickelte zeitabhängige, 

fluoreszenzspektroskopische und gelelektrophoretische Experimente analysiert werden, die in 

Kooperation mit der Arbeitsgruppe von Prof. Mark Helm (Institut für Pharmazie und Biochemie, 

Johannes Gutenberg-Universität Mainz) stattfanden. Die mit Ketal-PEG-Lipiden modifizierten 

Liposomen zeigten schnelle Abspaltungskinetiken der PEG-Korona im schwach sauren Milieu (pH = 

5.5 – 6.5), was die neuartigen Lipide zu einer vielversprechenden Strukturklasse für Liposomen-

basierte, pH-gesteuerte Wirkstofffreisetzungsstrategien insbesondere für die Tumortherapie 

macht.  

Kapitel 5 stellt einen Vergleich zwischen monofunktionellen, linearen PEG-Lipiden und 

multifunktionellen, hyperverzweigten Polyglycerin (hbPG)-Lipiden hinsichtlich deren Eigenschaften 

in liposomalen Formulierungen vor. HbPG-Lipide mit Molekulargewichten von 3 bis 7 kg mol-1 

wurden unter Verwendung eines neuartigen, Dialkyl-basierten linPG-Lipids als Makroinitiator für 

die hyperverzweigende, anionische Ringöffnungspolymerisation von Glycidol durch langsame 

Monomerzugabe hergestellt. Zudem konnten Dialky-PEG-Lipide mit vergleichbaren 

Molekulargewichten durch AROP von Ethylenoxid synthetisiert werden. In Kooperation mit der 
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Arbeitsgruppe von Prof. Mark Helm (Institut für Pharmazie und Biochemie, Johannes Gutenberg-

Universität Mainz) wurden die hbPG-/PEG-Lipide mittels dualer Zentrifugation in Liposomen 

formuliert, wobei eine Kontrolle der Liposomendurchmesser unterhalb von 100 nm erzielt werden 

konnte. Dies wurde als optimale Größe für nanoskopische Trägersysteme in der Antitumortherapie 

beschrieben. In Zusammenarbeit mit der Arbeitsgruppe von Prof. Frank Rösch (Institut für 

Kernchemie, Johannes Gutenberg-Universität Mainz) konnten erste in vivo Biodistributionsstudien 

mit 18F-markierten Lipiden unter Verwendung von Positronen-Emissions-Tomographie (PET) die 

erwünschte, schnelle renale Ausscheidung der reinen linearen/hyperverzweigten Lipide bestätigen. 

Für radiomarkierte, Polyether-modifizierte Liposomen wurden Blutzirkulationzeiten von mehr als 

1h beobachtet, wodurch erstmals „Stealth“-Eigenschaften hbPG-modifizierter Liposomen in vivo 

nachgewiesen werden konnten. 
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 1.1 Functional Poly(ethylene glycol)s and their Application 

1.1 Functional Poly(ethylene glycol)s and their Application 

This section provides a brief introduction into polyether chemistry and the utility of polyethers in a 

broad range of applications.  

1.1.1 Aliphatic Polyethers  

Polyethers represent a large and versatile class of polymers with unique properties that find 

widespread application in industries and academia, and are contained in various commodity 

products.[1,2] Especially aliphatic polyethers encompass valuable properties due to their high chain 

flexibility affording low glass transition temperatures and the hydrophilic C  ̶ O  ̶ C ether linkages 

along the polymer backbone. These features crucially discriminate them from vinyl- or olefin-based 

polymers. Although aromatic polyethers offer desirable characteristics as well in terms of stability 

towards oxidation,[3] they are beyond the scope of this introduction and will not be further 

discussed.  

Aliphatic polyethers can be readily synthesized using ring-opening polymerization (ROP) of three- 

to five-membered cyclic ethers. While polymerization of oxetanes (four-membered rings) and 

oxolanes (five-membered rings) requires cationic polymerization techniques,[4] epoxides or 

oxiranes (three-membered rings) can be polymerized not only via cationic, but also via anionic and 

coordination polymerization.[5–7] Of these cyclic ethers, epoxides are by far the most versatile and 

widely used monomers as they are available on large scale, easily accessible by oxidation of 

olefins,[8] and, as mentioned above, can be polymerized by different techniques.  

The simplest epoxide is ethylene oxide (EO) with a low boiling point of Tb = 10.5 °C and a world 

annual production of twenty-five million tons obtained by oxidation of ethylene with oxygen in the 

presence of a silver catalyst.[9,10] EO was first polymerized by Charles Adolphe Wurtz in 1863 with 

alkali metal hydroxides or zinc chloride,[11] creating the foundation for later developments in EO 

polymerization that led to a commercialization of EO-derived polymers in the 1930s. Depending on 

the field of application and the molecular weight, different names have been associated with 
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polymers of EO. High molecular weight polymers exceeding 30 000 g mol-1 are often referred to as 

poly(ethylene oxide) (PEO) or poly(oxy ethylene) (POE), especially in industrial applications, 

whereas lower MW polymers are usually called poly(ethylene glycol) (PEG). In a pharmaceutical 

and biomedical context, the term PEG is almost exclusively used. The utility of PEG is diverse, 

ranging from food additives, skin care products, and detergents to more specialized applications in 

pharmaceutical formulations.[2]  

1.1.2 Anionic Ring-Opening Polymerization  

Anionic ring-opening polymerization (AROP) is regarded as the ‘classical’ route to polymerize 

ethylene oxide utilizing nucleophiles to initiate the polymerization. It is noteworthy that aside from 

AROP, a variety of different techniques, such as activated monomer approaches, metal-free 

strategies and double metal cyanide (DMC) catalysis have been developed for ethylene oxide 

polymerization. These techniques have been comprehensively reviewed recently,[9] and will not be 

further discussed. In case of AROP, mostly, alkali metal alkoxides of sodium, potassium and cesium 

are used as initiators, however amides and aryls have likewise been employed.[6] Merely partial 

deprotonation of the alcohol compound is required due to rapid proton exchange reactions that 

occur orders of magnitude faster than initiation and propagation (See Figure 1). Polar, aprotic 

solvents such as tetrahydrofuran (THF), dimethyl sulfoxide (DMSO) and dioxane are typically used 

for the AROP.[12] By choice of the alcohol used as initiator, functional moieties can be incorporated 

at the α-terminus of PEG, as will be shown in the following paragraph. In addition, the reactive 

alkoxide chain end can be converted with suitable electrophiles to yield α,ω-functional PEGs in a 

one-pot reaction. It is noteworthy that AROP needs to be conducted in the absence of moisture as 

water can initiate the polymerization leading to the formation hydroxyl-initiated PEGs and causing 

deviations of the molecular weights from the targeted values. Examples of functional groups that 

have been attached to PEG by conversion of the reactive end group include mesylates,[13] 

methacrylates,[14,15] vinyl benzyl ethers,[16] hemisuccinates,[17] and propargyl ethers (See Figure 1).[18] 
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Figure 1: Anionic ring-opening polymerization (AROP) of ethylene oxide including initiation, propagation and 

termination steps. Termination of the alkoxide end groups with suitable electrophiles provides access to 

functional PEGs.[13–18]    

Although this compilation of functionalities only displays few examples of possible end groups, a 

great variety of chemical modifications can be derived from them. For instance, mesylates can be 

conveniently converted to halides, azides and thiols via nucleophilic substitution reactions,[13,18] 

whereas alkynes and succinates are frequently used to conjugate other functional molecules, such 

as polymeric substrates,[19,20] peptides and proteins.[21,22] In contrast, methacrylates and vinyl benzyl 

ethers can be polymerized via radical or UV-initiated polymerization to access PEG-based hydro- or 

nanogels. The broad spectrum of end-functionalized PEGs has been excellently reviewed by Riffle 

and coworkers.[23]  
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As for all ionic polymerizations, the choice of solvent as well as the counter ion have crucial impact 

on polymerization kinetics, as they dictate the reactivity of the chain end (See Figure 2). For 

instance, in solvents of low to medium polarity, aggregation of alkali metal alkoxides usually leads 

to a very slow rate of propagation and complex reaction kinetics.[12] However, In polar solvents such 

as THF and in the presence of weak Lewis acids as counter ions, i.e. K+ and Cs+, propagation 

predominantly proceeds via the free alkoxide (dissociated ion pair).[24] Cryptands (crown ethers) 

can further serve to increase reactivity of the alkoxide species by complexation of the alkali metal 

ions.[25]    

 

Figure 2: Equilibrium between the different states of metal alkoxides in solution.  

 

Due to the living character of the polymerization, this technique permits the generation of PEGs 

with Poisson-distributions of molecular weight[26] and dispersities Ð = Mw/Mn below 1.1.[12] By using 

functional initiators for the AROP, various end groups, e.g. amines,[27,28] alkynes,[29] alkenes,[30–32] 

aldehydes,[33,34] hydroxyl groups,[18] and catechols[35,36] can be introduced at the α-terminus of PEG 

(See Figure 3). In most cases, suitable protective groups need to be installed to ensure integrity of 

the functional moiety during the polymerization. These protective groups exhibit stability towards 

strong bases and can typically be cleaved by hydrogenation[27,28] or acidic hydrolysis.[18,33–36] If 

lipophilic alcohols such as cholesterol or 1,2-dialkyl glycols are employed as initiators, amphiphilic 

block structures can be generated that have been proven particularly advantageous for surface 

modifications of liposomes.[37,38] This topic will be highlighted in the following chapter.  
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Figure 3: Examples of functional initiators suitable for AROP including protected amines,[27,28] alkynes,[29] 

aldehydes,[33,34] hydroxyl groups,[18] and catechols,[35,36] as well as alkenes,[30–32] 1,2-dialkyl glycerols and 

cholesterol.[37,38]  

1.1.3 Multifunctional PEG 

Aside from derivatizing PEG at the chain ends, copolymerization of ethylene oxide with other 

epoxide monomers provides a versatile approach to introduce functional groups distributed along 

the PEG backbone. The respective epoxide monomers can either be sequentially added to the 

initiator, resulting in block copolymer formation or may be added simultaneously to yield random 

or gradient-like copolymers (See Figure 4). Whether random or gradient structures are formed, 

strongly depends on the copolymerization parameters for a specific pair of monomers and has 

recently been investigated with increasing effort.[39–41]  

 

Figure 4: Copolymerization of ethylene oxide and epoxide monomers containing functional groups (FG) 

resulting in block copolymers in case of sequential monomer addition, whereas random or gradient 

copolymers are obtained if both monomers are added at once. 

Figure 5 compiles various functional epoxides used for the copolymerization of EO via AROP that 

offer access to multifunctional PEGs (mfPEG) with a diverse spectrum of properties. In particular, 
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pH-, redox- and thermo-responsive PEGs have been the main focus of interest within the last 

decades. pH-responsive moieties in PEG include protective units e.g. acetals and ketals (A) that 

liberate hydroxyl groups upon acidic hydrolysis,[27,42,43] as well as N-alkyl amines (C) that are 

protonated at lower pH values resulting in a solubility switch from hydrophobic to highly water-

soluble.[44,45] Furthermore, N-allyl- and N-benzyl protected epoxides (B) provide a facile option to 

introduce primary amines into mfPEG that, aside from their pH-responsiveness, facilitate multiple 

conjugation of functional substrates via conventional amine chemistry.[46,47]  

 

Figure 5: Compilation of functional epoxide monomers that have been copolymerized with ethylene oxide to 

generate multifunctional PEGs. Depending on the functional group of the epoxide, pH- (blue), redox- (red) 

and thermo-responsive (green) properties can be introduced or influenced. Functional moieties such as 

hydroxyl groups A, amino groups B, vinyl/allyl ethers F, and adamantyl residues D can further allow for 

conjugation strategies or supramolecular recognition. 



 

29 
 

 1.1 Functional Poly(ethylene glycol)s and their Application 

By incorporating functional moieties susceptible to oxidation, such as ferrocene[48,49] or methyl 

thioethers (E),[40] solubility switches can be induced in the presence of oxidizing agents. Methyl 

thioethers represent interesting functional moieties as their oxidation to water-soluble sulfoxides 

or sulfones can occur in oxidative inflammatory tissue,[50] rendering the respective mfPEGs 

promising for redox-triggered drug delivery strategies. Olefinic double bonds represent another 

versatile class of functional groups that have been introduced into PEG via copolymerization of allyl 

and vinyl ether containing epoxides (F).[51–53] These moieties allow post-polymerization modification 

by thiol-ene click chemistry,[53–55] which is also suited for bioconjugation, e.g. by conversion of the 

cysteine residues in proteins or peptides.[52] Supramolecular recognition via host-guest complexes 

has attracted considerable attention lately. For instance, the high binding affinity of adamantanes 

towards the cavity of β-cyclodextrin has motivated the synthesis of PEG-derived architectures 

bearing adamantane moieties (D).[56] Notably, PEG constitutes a prominent example of a thermo-

responsive polymer exhibiting so called LCST (lower critical solution temperature) behavior. 

Thermo-responsiveness, in this case, refers to the property of PEG to undergo dehydration and 

cleavage of hydrogen bonds upon heating, which result in a loss of solubility in water at elevated 

temperatures (cloud point, TC ≤ 100 °C). By introducing functional groups into PEG, interactions of 

water molecules with the polyether backbone are compromised, leading to altered temperature-

dependent solubility and a change in the LCST. The majority of the abovementioned multifunctional 

PEGs have therefore been investigated in terms of their thermo-responsiveness.[45,57] As one major 

incentive, LCST behavior of mfPEGs around body temperature (37 °C) might facilitate applications 

as drug delivery systems for temperature-controlled drug release strategies.  

A variety of highly desirable properties has rendered PEG the gold standard polymer for biomedical 

applications. Due to its excellent biocompatibility, very low immunogenicity, and high water-

solubility,[58] PEG has been covalently attached to bioactive molecules, known as ‘PEGylation’,[59,60] 

in order to improve their pharmacokinetic properties.[61–63] In particular, PEGylation of a drug 

reduces antigenic activity and prevents enzymatic degradation and phagocytosis, thereby affording 



  

30 
 

 1 Introduction 

enhanced blood circulation times,[64,65] while preserving bioactivity of the pharmaceutical.[66] Until 

now, 13 PEGylated proteins and one PEG-aptamer have been approved by the American Food and 

Drug Administration (FDA) and are available for the treatment of various diseases.[67] This shielding 

effect of PEG (‘stealth effect’) has long been attributed to the dense hydrate shell of solvated PEG 

chains forming a steric barrier that prevents unspecific protein adsorption.[68] However, recent 

findings in this area suggest that PEGylation causes a change in the composition of adsorbed 

proteins, so called opsonins, that is responsible for the ‘stealth effect’.[69]  

In this chapter, an introduction to the chemistry of poly(ethylene glycol)s has been presented with 

an emphasis on synthetic strategies to incorporate various functional moieties into the backbone 

or at the polymer chain ends and a brief overview of the broad range of application has been 

provided. In the next section, a closer look will be taken at the use of PEG in liposomal formulations. 
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1.2 Liposomes in Biomedicine – An Introduction 
 

1.2.1 Liposomes – Characteristics and Properties 

Since their discovery by Bangham in the 1960s,[1] liposomes have experienced an evolution from 

interesting biophysical objects to pharmaceutical drug carriers of choice in numerous clinical 

applications.[2] Liposomes are composed of natural phospholipids assembled in spherical bilayer 

structures that consist of an aqueous core and a lipophilic bilayer membrane. In addition to their 

excellent biocompatibility, these amphiphilic core-shell structures permit encapsulation of 

hydrophilic and hydrophobic cargo molecules rendering liposomes versatile carrier systems in food 

technology,[3,4] cosmetics,[5,6] and biomedical applications.[2,7] Figure 1 shows an overview of the 

different types of liposomes that are known. 

 

Figure 6: Bilayer vesicles composed of phospholipids with different size and lamellarity classified as small 

unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs), giant unilamellar vesicles (GUVs) and 

multilamellar vesicles (MLVs). Hydrophilic drugs can be entrapped in the core, whereas lipophilic drugs are 

incorporated into the bilayer membrane. 
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Among bilayer vesicles, four different types of liposomes can be classified depending of their size 

and lamellarity, as shown in Figure 6. In case of liposomes comprised of a single bilayer, small 

(SUVs), large (LUVs) and giant lamellar vesicles (GUVs) are usually distinguished. It is important to 

note that the size of a liposome crucially affects its fate in vivo, as larger liposomes are generally 

taken up more rapidly by the reticulo-endothelial system (RES) compared to their smaller 

counterparts.[8] If the number of bilayers increases, as in multilamellar vesicles (MLVs), differences 

in drug entrapment capacities, drug release profiles, liposome-cell interactions and internalization 

are observed.[9] 

Aside from size and lamellarity, the composition of lipids predominately dictates the properties of 

liposomes. In particular, the phase transition temperature TM of the phospholipid constitutes an 

important parameter affecting stability. Below TM, lipids exist in a gel state that undergoes a 

transition into a fluid phase upon heating (T > TM) that is accompanied by a drop in stability and 

increased leakiness of the liposome.[7] In general, phospholipids containing unsaturated alkyl chains 

such as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE) exhibit lower values of TM, opposed to saturated lipids e.g., 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine (DSPE). In order to further increase stability of the 

bilayer, cholesterol can be added to the formulations.[10] On the other hand, the chemical nature of 

the polar head group, also contributes to the stability of liposome, since electrostatic repulsion 

between cationic or anionic head groups leads to decreased stability profiles and promotes 

aggregation of liposomes. Despite these stability-related issues, cationic lipids are frequently 

employed to encapsulate nucleic acids such as DNA or RNA (lipoplex formation) for gene therapy 

and to initiate cell internalization due to interactions of cationic liposomes with negatively charged 

cell membranes.[11]  

To date, several liposomal drug formulations have been approved for the treatment of various 

diseases, including fungal infections,[12] hepatitis A,[13] influenza,[14] and various cancer types.[15–17] 

Many of these systems are based on surface-modified liposomes (‘stealth liposomes’) that will be 
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discussed in detail in the next section. Moreover, numerous potential candidates are currently 

tested in clinical trials.[7]  

Various methods are available for the preparation of liposomes including conventional techniques 

such as thin film hydration,[18] membrane extrusion,[19] and reverse phase evaporation,[20] as well as 

novel methods e.g. micro hydrodynamic focusing,[21] supercritical reverse phase evaporation,[22] 

and dual centrifugation.[23,24] Depending on the choice of technique, properties of the liposomes 

differ with respect to size, polydispersity, lamellarity and encapsulation efficiency (EE). 

Conventional methods are generally well-suited for straightforward, small-scale preparations, 

however, they usually lack the possibility for scale-up and control of EEs, and often result in broad 

size distributions.[7] In contrast, some of the novel methods are performed in continuous flow that 

allow scale-up and precise control of liposomal properties.[21]   

1.2.2 Sterically Stabilized Liposomes 

Despite their mimicry of cells and their excellent biocompatibility, conventional liposomes are 

subjected to interactions with plasma proteins when applied in vivo that result in uptake by 

macrophages predominantly in the liver and the spleen affecting short blood circulation times.[25] 

A prominent strategy to avoid uptake by the RES is based on the use of polyethylene glycol (PEG), 

introduced in Chapter 1.1, to modify the surface of liposomes. In liposomal research, PEGylated 

lipids have been inserted into lipid bilayers with the PEG chains projecting into the surrounding 

aqueous medium to form sterically stabilized liposomes (SSLs), also known as ‘stealth liposomes’ 

(See Figure 7). Compared to conventional liposomes, stealth liposomes exhibit prolonged serum 

half-lifes and improved safety profiles.[26,27] The stealth effect has been shown to be more efficient 

for higher molecular weights of PEG and increased molar content of the PEG-lipids in the lipid 

composition due to a transition of PEG chains from a so-called ‘mushroom’ to a ‘brush 

conformation’ that strongly influences protein binding at the liposomal surface.[28]  
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Figure 7: Schematic representation of a typical stealth liposome composed of the natural phospholipid 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine DSPE, PEGylated DSPE and cholesterol. 

Especially in anti-cancer therapy, stealth liposomes have proven particular advantageous.[2] It is a 

generally accepted view, that liposomes and other nanoparticles passively accumulate in the tumor 

tissue due to enlarged gaps between the endothelial cells and the leaky vasculature in the tumor 

microenvironment compared to healthy tissue.[29,30] In addition, lymphatic drainage is usually 

down-regulated in tumor tissue effecting a retention of the drug carriers.[31] This phenomenon was 

termed “enhanced permeability and retention” (EPR) effect,[31,32] and is generally held responsible 

for the enhanced accumulation of long-circulating liposomes at the tumor site.[33] To what extent a 

certain tumor is susceptible towards passive targeting, strongly depends on the state of the tumor 

and the specific cell line.[29] Several studies suggest that a diameter of 100 nm can be considered as 

an optimum for liposomes in terms of drug efficiencies.[34] 

However, it has been observed that even in case of EPR-mediated concentration of liposomes in 

the tumor tissue, cellular uptake, endosomal escape and drug release from the bilayer vesicles is 

hampered in the presence of a PEG stealth layer.[35] Moreover, with complex tumor 

microenvironments, homogenous distribution of drug-loaded liposomes throughout the entire 
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tumor is not always possible, which can result in insufficient local drug administration and multidrug 

resistance of tumors.[36,37]  

It is important to note that, in spite of the above-mentioned challenges, PEG-modified liposomes 

are routinely employed in a variety of clinical applications and many of the currently investigated 

nanocarrier systems utilize the concept of PEGylation. 

1.2.3 Stimuli-Triggered Drug Release and Active Cell Targeting 

One interesting strategy to circumvent the hampering effect of a PEG stealth layer on cellular 

uptake is based on introducing stimuli-responsive behavior to liposomes. By exploiting certain 

physiological characteristics of the targeted tissue or cellular compartments, stimuli-triggered 

detachment of PEG from liposomes can promote cell internalization and drug release. Especially 

the lowered pH value (≤ 6.0) in the microenvironment of various tumors,[38] has motivated the 

development of pH-sensitive liposomes (PSLs) that are stable at physiological pH, but are subjected 

to PEG shedding once they reach the tumor site. A variety of pH-hydrolyzable moieties have been 

incorporated at the block junctions of PEG-lipids to implement pH-triggered release strategies, for 

instance hydrazone linkages,[39–41] orthoesters,[42–44] acetals,[45] and vinyl ethers.[46,47]  

Accelerated blood clearance (ABC) represents one major disadvantage of PEGylated nanoparticles 

that arises upon repeated administration of a formulation affecting an increased uptake by the 

liver.[48–50] PSLs have recently been demonstrated to circumvent the ABC phenomena,[39,50] justifying 

the use of pH-cleavable lipids and providing further motivation for future research in this field.  

Moreover, the use of ‘fusogenic’ lipids,[51] or peptides, also known as pH low insertion peptides 

(pHLIPs),[52,53] have recently attracted considerable attention. These structures are stable at neutral 

pH and undergo conformational changes in acidic media that trigger insertion into membranes and 

lead to fusion of the liposomes with cell membranes.[54] For instance, drug release from endosomal 

cellular compartments into the cyctoplasm (endosomal escape) can be induced by using fusogenic 
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lipids to promote the delivery and transfection of oligo- or polynucleotides like siRNA or plasmid 

DNA.[55]  

 

Figure 8: Schematic representation of a modified stealth liposome illustrating strategies to allow active 

targeting by attaching antibodies, aptamers or cell-penetrating peptides (CPPS) onto the surface, and to 

accomplish stimuli-triggered drug (cargo) release by using fusogenic lipids, pH-cleavable lipids or external 

stimuli (magnetic fields, ultrasound, heat). 

Aside from physiologically determined release strategies, external stimuli have also been examined 

as triggers for drug release from liposomes. Prominent examples include thermosensitive 

liposomes that show increased drug permeability of the lipid bilayer upon locally applied mild 

hypothermia,[56] and ecogenic liposomes that release encapsulated air by mechanical stimulation 

via ultrasound causing disruption of the membrane.[57] In addition, magnetically sensitive liposomes 

have been designed by incorporating magnetic nanoparticles into liposomes permitting triggered 

drug release in the presence of an external magnetic field.[58]  

To further improve the efficacy of long-circulating liposomal drug carriers, targeting ligands can be 

attached to the liposomes that show high binding affinities towards specific receptors on cell 

membranes. These receptors should be exclusively expressed or at least, overexpressed on the 
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targeted cells to avoid non-specific binding and undesired toxic effects.[7] This concept is known as 

active targeting and various targeting units including antibodies,[59–62] folates,[63,64] and aptamers[65] 

have been successfully utilized to enhance the efficiency of drug-loaded liposomes. Another class 

of active targeting molecules are cell penetrating peptides (CPPs) that lack the selectivity of the 

above-mentioned systems, however, are capable of inducing cell internalization of liposomes and 

cargo release when exposed on the vesicles’ surfaces.[66,67] In case of PEGylated liposomes, active 

targeting is more effective, if the targeting ligand is linked to the distal end of the PEG chains 

opposed to direct conjugation to the surface of liposomes.[68]  

As a disadvantage for the further development of targeting concepts, PEG-lipids solely exhibit a 

single terminal hydroxyl group that is available for functionalization, limiting chemical modifications 

and prohibiting the attachment of multiple functional moieties e.g. fluorescent dyes, radio tracers 

and target units to the same lipid. To this end, lipids containing hyperbranched polyglycerol (hbPG) 

as multifunctional PEG substitutes have been developed recently,[69] and were successfully 

functionalized with fluorescent labels and radioactive nuclides to monitor the fate of the liposomes 

in vitro and in vivo.[70,71] Significant advancements in dynamic light scattering (DLS) methodology 

developed by Schmidt and Coworkers enabled investigation of the behavior of polyether-modified 

liposomes in human serum. The reported findings suggest favorable properties of hbPG-functional 

lipids compared to PEG-lipids in terms of liposome aggregation in serum.[72] However, so far, studies 

on the biodistribution of liposomes containing hbPG-lipids via positron emission tomography (PET) 

imaging in mice, revealed low carrier stability in vivo and rapid renal excretion of lipid 

components,[71] raising demand for further research activities in this field to establish enhanced 

stability profiles of these liposomal carriers. 

An innovative approach combining many of the aforementioned concepts has recently been 

reported by Apte et al.[73] who employed hydrazone-linked PEG2000-lipids bearing monoclonal 

antibodies (mAb) at the distal chain ends combined with non-cleavable PEG1000-lipids functionalized 

with CPPs. While the long-chain (Mn = 2000 g mol-1), pH-cleavable PEG-lipids prevent uptake by the 
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RES during blood circulation and allow debonding of the PEG chains inside the tumor tissue, the 

presence of antibodies provides active targeting. Upon detachment of PEG, CPPs are exposed at 

the liposomal surface to induce additional cell uptake. Significant reduction of tumor size was 

observed compared to unmodified stealth liposomes.  

Although, tremendous progress has been achieved in the design of liposomal carriers as illustrated 

in this chapter, current systems do not fulfill all requirements for a highly efficient and selective 

treatment. Novel pathways in the design of lipids seem necessary (I) to assure high carrier stability 

during circulation, (II) to warrant selective uptake by the targeted cells and (III) to induce controlled 

drug release from the liposomes at the intracellular site of action.   
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1.3.1 Poloxamers and Poloxamines 

 

Block copolymers composed of PPO and PEO are an important class of biocompatible polymers in 

both industry as well as academia. Namely, ABA-triblock copolymers with the structure PEO-b-PPO-

b-PEO are known as poloxamers (see Scheme 1) or Pluronics (trade mark BASF) are among the most 

relevant non-ionic surfactants (= surface active agents) and have been extensively investigated over 

the last decades.[1,2] Due to the high water-solubility of PEO in a wide temperature range (0° - 100°C) 

and the low solubility of PPO in water at temperatures exceeding Tc (> 15°C; cloud point), these 

block copolymers exhibit amphiphilic character accompanied by surface-active properties.[3]  
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Scheme 1: Structure of poloxamers composed of two PEO blocks and a central PPO block. 

 

Consequently, PEO-b-PPO-b-PEO copolymers are widely utilized as lubricants, detergents, 

defoamers and emulsifying agents in industrial and agricultural processes, as well as in cosmetic 

products, paints and food additives.[2] Pluronics are prepared via sequential anionic ring-opening 

polymerization of PO and EO using potassium and sodium hydroxide as the activator.[4] First, the 

central PPO segment is synthesized as a precursor, and subsequently chain extended by the 

polymerization of EO. In order to obtain highly purified block copolymers and to reduce the content 

of admixtures, such as PPO homopolymers and low molecular weight block copolymers, 

chromatographic fractionation is often employed after the polymerization.[5]  

Due to the vast variety of Pluronics with different molecular composition, a categorization system 

has been established to allow for an easy evaluation of structure and properties of a given 

copolymer. For the non-proprietary name poloxamer, the abbreviated expression starts with the 

capital letter ‘P’ followed by one or two digits corresponding to the approximate molecular weight 

of the PPO block, when multiplied by a factor of 100. The last digit multiplied by 10 refers to the 

weight percentage of PEO within the block copolymer. For example, ‘Poloxamer P407’ conforms to 

a copolymer with a PPO block of about 4000 g/mol and 70 % weight content of PEO (see Table 1).  

In case of trade names like Pluronic (BASF), Lutrol (BASF) or Synperonic (Croda) prefix letters ‘L’, ‘P’ 

and ‘F’ classify the physical appearance of the pure copolymer as liquid (L), paste (P) and flakes (F). 

The first one or two digits multiplied by 300 represent the approximate molecular weight of PPO 

whereas the last digit multiplied by 10 indicates the total weight percentage of PEO within the 

polymer. For the previous example of a PEO-b-PPO-b-PEO copolymer (Mn = 4000 g/mol, 70 % PEO), 
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this leads to the term F127. Accordingly, the nomenclature for Pluronics can be converted to the 

generic term for poloxamers by multiplying the first one or two digits by a factor of 3.[6]  

In particular, self-aggregation of PEO-b-PPO-b-PEO copolymers into micellar structures plays a 

decisive role regarding a majority of applications especially in nanoscience and nanomedicine.[6,7] 

Poloxamer micelles composed of PPO-cores and PEO-coronas allow encapsulation of a wide range 

of hydrophobic compounds. This behavior motivates their use as drug and gene delivery systems,[5] 

as well as in nanotechnological applications, for example as surfactants in emulsion polymerization 

techniques.[8]  

Table 1: Table of Pluronics compositions and properties. 

Pluronic poloxamer Mna NEO
b NPO

c cmcd  HLBe cloud point f 

L35 101 1900 21.6 16.4 5.3*10-3 19 73 

L43 123 1850 12.6 22.3 2.2*10-3 12 42 

L44 124 2200 20.0 22.8 3.6*10-3 16 65 

L61 181 2000 4.5 31.0 1.1*10-4 3 24 

L64 184 2900 26.4 30.0 4.8*10-4 15 58 

P84 234 4200 38.3 43.4 7.1*10-5 14 74 

P85 235 4600 52.3 39.7 6.5*10-5 16 85 

L88 238 11400 207.8 39.3 2.5*10-4 28 >100 

P103 333 4950 33.8 59.7 6.1*10-6 9  86 

F108 335 14600 265.4 50.3 2.2*10-5 27 >100 

P123 403 5750 39.2 69.4 4.4*10-6 8 90 

F127 407 12600 200.4 65.2 2.8*10-6 22 >100 

a Average molecular weights in g/mol; b/c Average number of EO/PO units per polymer taken from ref [14]; d 

critical micelle concentration in mol/l as determined by pyrene probe measurements and taken from ref [14]; 
e Hydrophilic-lipophilic-balance values were taken from ref [14]; f  Cloud points in °C taken from ref [15]. 
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These self-assembled aggregates vary in size and shape from spherical to rod-like to lamellar 

structures.[9] In this case, the molecular weights of the PEO/PPO segments crucially dictate the 

properties of the block copolymers such as water-solubility, critical micelle concentration (CMC), 

critical micelle temperature (CMT), structure of micelles and aggregation numbers.[10–13] Namely, 

CMC values are of fundamental significance to evaluate emulsifying properties of poloxamers.   

In general, CMC values tend to decrease with increasing hydrophobic PPO chain length due to an 

increase of the net hydrophobicity favoring the formation of micelles. On the contrary, CMCs 

increase with growing chain length of the PEO blocks, which has been ascribed to a reduced core 

hydrophobicity that leads to a destabilization of micelles.[11] Systematic studies on aggregation 

behavior of Pluronics in aqueous solution have been reported in numerous articles.[10,11]  

The remarkable self-assembly and emulsifying properties of Pluronics in conjunction with their 

excellent biocompatibility has proven particularly advantageous for biomedical and pharmaceutical 

applications and the development of drug delivery systems.[1,5] Namely, Pluronic formulations have 

been shown to exhibit great potential in anti-cancer research, especially regarding the treatment 

of multi-drug resistant (MDR) tumor cell types. Studies in this field report an enhancement in 

cytotoxic activity of the chemotherapeutic drug doxorubicin towards MDR tumor cell lines by 2 or 

3 orders of magnitude.[14,16,17] Besides operating as drug carriers to improve pharmacokinetic 

performance, Pluronics appeal as biological response modifiers capable of sensitizing multidrug 

resistant (MDR) cancer cells and increasing drug transport across cellular barriers. Currently, 

micelles of Pluronic L61 and F127 loaded with doxorubicin are investigated for the treatment of 

cancer cells resistant to doxorubicin in clinical trials.[18] Credit has to be granted to Kabanov et al. 

as the pioneers within this research area. Highly promising findings regarding Pluronic-based 

micelles loaded with paclitaxel as anticancer agent have further been reported by Tsvetanov et al. 

A comparison of these micellar drug formulations with Taxol revealed improved pharmacokinetic 

properties and enhanced blood circulation times.[19] Recent developments regarding the effect of 
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Pluronics on MDR tumor cells and their promising perspective in this particular field have been 

comprehensively reviewed lately.[16]  

As well, drug carrier systems based on Pluronic block copolymer technology represent promising 

candidates to penetrate the blood brain barrier in order to transport therapeutics to the brain.[20] 

Another specialized application of Pluronic-based formulations has emerged within the field of 

gene therapy. When injected into skeletal muscle, plasmid DNA induces gene expression which can 

exploited for vaccination strategies or the generation of therapeutic proteins. In several studies, 

Pluronics have been employed to increase the efficiency of gene transfer technologies.[5]  

However, a major challenge for drug-loaded micelles as nanocarrier systems arises from the 

thermodynamic instability of micelles upon dilution, which is also valid for Pluronic-based micellar 

formulations. In particular, very hydrophilic block copolymers with high cmc/cmt values suffer from 

low micelle stability and are crucially subjected to disassembly of micelles. To overcome this 

drawback, several strategies have been proposed to increase stability of Pluronic micelles. For 

example, polymerization of monomers (e.g.: N-isopropylacrylamides, N,N-diethylacrylamide) 

forming thermo-responsive hydrogels (LCST behavior) inside the micellar core can afford micelles 

with improved stability profiles and good drug loading capacities. However, the stability gained 

from this approach was found to be impermanent and depletes within a time frame of days or 

weeks.[2] Other strategies focused on the cross-linking of the micellar shell to lower the CMC by 

converting the hydroxyl groups into aldehydes and introducing imine linkages via the addition of 

diamines.[21] Another noteworthy approach reported by Petrov et. al to effectively stabilize 

Pluronic-based micelles implied the formation of an interpenetrating network via light-initiated 

crosslinking of a tetrafunctional acrylate monomer.[22] Nevertheless, stabilization of Pluronic 

micelles without affecting drug release profiles and drug loading capacities remains a fundamental 

challenge for all these modifications.  
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Moreover, Pluronics are utilized for surface-coating of drug-loaded, hydrophobic nanoparticles in 

order to prolong blood circulation times of the drug carriers. Depending on the size of particles and 

properties of the coated surface, a certain selectivity in the site of deposition within the body is 

observed. By controlling the balance between adsorption and desorption of specific blood 

components referred to as opsonization and dysopsonization, site specific deposition can be 

influenced using Pluronics as surface-coatings. Effective enhancement of serum life times have 

been achieved for polymeric particles in a size range from 70 to 200 nm.[7]  

Another remarkable property of PEO-b-PPO-b-PEO copolymers in aqueous solution results from 

their ability to undergo thermo-reversible gelation at concentrations above the CMC. In particular, 

gelation of poloxamer 407 (Pluronic F127) has proved beneficial for biomedical purposes as 

concentrated solutions appear as viscous liquids at room temperature forming a semi-solid 

transparent gel at body temperature (37 °C).[23] This behavior has motivated use of poloxamer gels 

for prolonged drug release strategies[23] and for tissue engineering.[1,24–26] Although, poloxamers are 

generally regarded as non-toxic, higher doses (up to 137,5 mg/kg in rabbits) of Poloxamer 407 have 

been reported to affect serum concentrations of triglycerides and cholesterol.[23] Due to the 

comparatively weak mechanical strength and rapid erosion of poloxamer gels, for instance, 

covalent cleavable linkages such as carbonates have been introduced to improve mechanical 

properties, simultaneously ensuring renal excretion of the degradation fragments.[23] Moreover, 

pH-responsive poloxamer-based gels have been formed from graft copolymers of poly acrylic acid 

(PAA) and poloxamers (poloxamer-g-PAA).  
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Scheme 2: Synthesis of catechol-functional poloxamers according to Messersmith et al.[28]  

 

This reduces the amount of material needed to form stable gels at body temperature and represent 

a promising tool for pH-triggered release strategies.[27] Messersmith and coworkers reported the 

attachment of DOPA (3,4-dihydroxyphenyl-L-alanin) moieties at both termini of Pluronics to attach 

catechol groups facilitating bioadhesive hydrogels (see Scheme 2).[28] There are several other 

reports on chemically modified PEO-b-PPO-b-PEO copolymers and the corresponding hydrogels, 

these are, however, beyond the scope of this review.  

Another interesting approach mimicking the structure of poloxamers has been demonstrated by 

Park et al. by incorporating multiple hydroxyl groups into the backbone to enable the covalent 

attachment of pharmaceutical drugs.[29] These structures were accessed by, first, generating a PPO 

precursor polymer via a step-growth polymerization of N,N’-dimethylethylenediamine and 

diepoxy-functional PPO subsequently end-capping with epoxy-functional mPEG. (see Scheme 3) 
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Scheme 3: Synthesis of poloxamer mimicking block structures according to Park et al.[29]  

 

A promising approach to access novel types of poloxamer analogs bearing multiple hydroxyl 

functionalities was developed by Tsvetanov and coworkers.[30–32] Using PPO as a macroinitiator for 

the AROP of the acetal-protected glycerol derivative EEGE, linPG-b-PPO-b-linPG triblock copolymer 

were obtained after subsequent hydrolysis of the acetal moieties. In several study, physico-

chemical properties of materials were investigated.[9,33] 

Given the immense spectra of applications of poloxamers or poloxamer-based formulations and 

the strong emphasis on post-modification strategies to improve their performance, to the best of 

our knowledge, no synthetic routes have been explored to develop novel block copolymer 

architectures compared to the commercially available standards, e.g., by using multifunctional PEG 

or PPO blocks to incorporate specific functional groups already during the synthesis.  

Besides poloxamers, related triblock copolymers with an inverted substructure composed of a 

central PEO block flanked by two PPO segments are known as reverse poloxamers (Pluronics R) and 

are likewise commercially available. Although these structures exhibit interesting properties and 

are diversely used, for example, as wetting and defoaming agents in industrial processes,[34] these 

systems have been less investigated compared to the materials mentioned above.[35] However, 

more recently, increasing attention was drawn to studies of phase behavior and aggregation of 
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reverse poloxamers in aqueous solution.[36–38] In contrast to poloxamers, reverse poloxamers (see 

Scheme 4) show a reduced ability to from regular micelles in aqueous medium ascribed to a loss of 

entropy attributed to the looping of the PEO middle block in micellar structures.[35] Instead, PPO-b-

PEO-b-PPO triblock copolymers have been reported to either form random network structures or 

micellar associations, depending on the concentration, with the two terminal blocks located in 

different PPO domains.[39] 

 

Scheme 4: Structure of reverse poloxamers composed of two PPO and a central PEO block. 

 

In addition, micellization and gelation of poloxamer/reverse poloxamer mixtures have been 

investigated suggesting a critical composition ratio above which the appearance of bridged 

poloxamer micelles strongly hinders the gelation process.[40,41]  

The spectrum of applications for reverse poloxamers, however, appears to be limited in comparison 

to “normal” poloxamers. This is probably attributed to their unfavorable self-assembly. However 

lately, a new perspective for the application of reverse poloxamers has been proposed within the 

field of gene therapy. Herein, PPO-b-PEO-b-PPO copolymers were evaluated in terms of their ability 

to increase muscle transfection compared to naked DNA. It was found that reverse Pluronics 

promote muscle gene transfer in mice as effectively as regular Pluronics, which might encourage 

further research activities.[42] However, in order to compete with the steadily growing significance 

of regular poloxamers, applications benefitting from the use of reverse poloxamers opposed to 

regular poloxamers need to be developed.   
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1.3.2 Poloxamines 
 

Another group of amphiphilic block copolymers based on PEO and PPO are poloxamines with a 

distinct tetrabranched block structure bearing a central ethylene diamine bridge. Four symmetric 

blocks, composed of PEO and PPO, are attached to the amine units and can either contain the PEO 

block as the outer segment (poloxamines, tradename Tetronics) or as the inner segment (reverse 

poloxamines, tradename TetronicsR) (see Scheme 5). Poloxamines and reverse poloxamines are 

synthesized using ethylene diamine as an initiator for the sequential anionic polymerization of PO 

and EO, resulting in X-shaped polymer architectures.  

 

Scheme 5: Structures of poloxamines (Tetronics) and reverse poloxamines (TetronicsR) 

 

The presence of the tertiary amine groups adds a dual responsive behavior to these polymeric 

amphiphiles. Poloxamines exhibit thermo- and pH-responsiveness, which distinguishes their 

properties from poloxamers. Moreover, the additional amine functionalities enable further 

modification reactions, such as quarternization to promote cell adhesion for tissue engineering 

purposes.[43]  

Compared to poloxamers, studies on the phase behavior of poloxamines have been neglected for 

a long time. However, within the last decade, favorable physicochemical properties of poloxamines 

regarding drug delivery strategies and tissue engineering have been elucidated[44] and have 

motivated increasing research efforts in this area.[45] In analogy to their linear counterparts, 

poloxamines show self-assembly into micellar aggregates in aqueous medium. In contrast, 
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however, aggregation behavior of poloxamines is strongly pH-dependent. The pKa values of the 

amine groups of 3.8-4.0 and 8.0, respectively, do not vary substantially with different PEO/PPO 

block lengths.[46] A decrease in pH leads to a reduced tendency to aggregate and a more narrow 

temperature range, in which aggregation occurs. This behavior can be attributed to the coulombic 

repulsion between the positively charged polymers. At physiological conditions (pH = 7.4), 

poloxamines are present as single protonated species.[2] A noteworthy approach deploying the pH-

dependent aggregation of poloxamines to stabilize DNA complexes was proposed by Pitard et. al. 

Therein, negatively charged DNA-poloxamine supramolecular assemblies were introduced as 

potential gene delivery systems for the therapy of skeletal or heart muscle-related diseases.[47]  

In accordance with poloxamers, surface-coating of hydrophobic nanoparticles using poloxamines 

has become increasingly attractive in order to prolong the particles’ blood circulation times and 

render them as potential drug delivery systems for medical and pharmaceutical purposes.[48] The 

efficiency of the coatings to prevent recognition of the hydrophobic nanoparticles by macrophages 

strongly depends on the molecular weight and composition of the PEO-PPO copolymers. With 

increasing hydrophilicity and molecular weight, this shielding effect is reported to become more 

effective. In particular, surface-coating strategies of nanoparticles based on biodegradable 

polymers such as polylactides or polyglycolides have attracted increasing attention lately.[7] A major 

challenge in this field, however, remains the establishment of a correlation between the structure 

of particles and their specific interaction with blood components in order to allow for the design of 

targetable nanocarriers.  

Mathet et al. investigated the effect of poloxamines with different molecular architectures on the 

inhibition of efflux transporters in multidrug-resistant (MDR) tumor cell lines. They proposed 

poloxamine T304 as both a promising drug carrier system and efflux transport inhibitor for the 

treatment of MDR tumors.[49] Aside from that, these studies report cytotoxic behavior for the 

majority of poloxamines investigated, raising the demand for further studies to evaluate their 

biocompatibility regarding future applications in a pharmaceutical context.  



 

59 
 

 1.3 Block Copolymers of Poly(ethylene glycol) and Poly(propylene oxide) 

Although reverse poloxamines are commercially available PEO-PPO copolymers and exhibit 

potential usefulness for some specialized applications,[50] to date their physicochemical properties 

have only been scarcely investigated[39,45] and will not be discussed within this review.  

1.3.3 PEO-PPO Diblock Copolymers 
 

Diblock copolymers composed of PEO and PPO represent another class of non-ionic amphiphiles 

based on polyethers. Although diblock structures might be regarded as the most obvious block 

copolymer structure, these surfactants turn out to be rarely investigated in terms of bulk 

properties[51] and phase behavior in aqueous solution[52,53] compared to their triblock relatives (PEO-

b-PPO-b-PEO). In contrast to the aforementioned bi- and multi-functional block structures, PEO-

PPO diblock copolymers are mono-functional macromolecular alcohols. This characteristic results 

from the use of mono-functional low-molecular weight alcohols as initiators for the sequential 

anionic ring-opening polymerization of EO and PO in their synthesis. 

Notably, PEO-PPO diblock copolymers have been introduced as valuable structural templates for 

the preparation of two-dimensional mesoporous silica films,[54] and have been shown to act as size-

specific solubilizing agents for carbon nanotubes, offering perspectives for improved fractionation 

strategies.[55]  

Lately, increasing attention is dedicated to the behavior of PEO-PPO diblock copolymers at the air-

water interface and properties of their polymeric monolayers. These studies, however, exclusively 

aimed at a fundamental understanding of interfacial dynamics.[56,57]  

A promising perspective for diblock copolymers based on PEO and PPO has been demonstrated by 

Firestone et al. for the stabilization of lipid bilayer vesicles (e.g. liposomes) for drug delivery 

purposes as an inexpensive alternative to PEG-lipid conjugates. In this case the hydrophobic PPO 

segments function as anchor units within the lipid bilayer, whereas the PEO chain projects into the 

aqueous surrounding, leading to an enhanced robustness of the vesicular structure. Interestingly, 
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PEO-b-PPO copolymers exhibit superior performance compared to poloxamers in terms of their 

ability to sterically stabilize lipid-based nanocarriers.[58]  

Although these diblock copolymers are commercially available as their triblock analogs, so far a 

significantly smaller range of applications has been proposed and less effort has been put into 

elucidating their physicochemical properties. Moreover, to the best of our knowledge and in 

contrast to the other members of the PEO/PPO-based amphiphiles, no end-functionalized 

derivatives have been reported, which might be due to their monofunctional nature limiting 

chemical modification.  

The immense versatility and broad spectrum of applications of PEO/PPO block copolymers in 

various research areas have been illustrated in this chapter, focusing on trends and developments 

within the last 15 years. This class of polyethers undoubtedly represents one of the most widely 

used amphiphilic materials with paramount significance to industries and academia. Especially their 

low cost and commercial availability in a wide range of molecular weights and compositions as well 

as different architectures (diblock, triblock, tetrabranched) combined with interesting physical and 

chemical properties warrants the development of further applications. Most of the research carried 

out in this area to date has been dedicated to PEO-b-PPO-b-PEO copolymers (poloxamers) while 

the other members have been neglected for a long time, though lately increasing interest has been 

pronounced for the properties of the less explored candidates[7,44,49] In a pharmaceutical context, 

PEO/PPO copolymers exhibit particular usefulness concerning drug- and gene delivery strategies,[16] 

which will encourage future research activities in this field. However, aside from numerous reports 

on chemical modification[28,43] of the commercially available standards, so far, no emphasis has 

been put on exploring novel polymeric architectures based on PEO and PPO block-type structures 

by, for example, using other multifunctional initiators for the polymerization. 
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1.4 Cleavable Polyethers 
 

1.4.1 Polyethers bearing cleavable moieties 
 

Ethers are characterized by their high stability towards chemical or physical treatment. Low 

molecular weight ethers are typical solvents in organic chemistry. Also polyethers are very stable 

and flexible polymers. Under oxidative stress, however, PEG may be degraded by reactive oxygen 

species (ROS) due to β-scission, as observed in long-term in vivo experiments.[59] Degradation of 

PEG under application of voltage and air,[60] UV light,[61] ultrasonication,[62] and temperature[61] is 

described in literature. The degradation rate depends on whether the experiment is conducted in 

bulk or in aqueous solution and on pH values.[63]  

If a higher oxidation stability is required for certain applications, aromatic polyethers can be 

applied.[64] Aromatic polyethers are known to exhibit higher stability against oxidation compared to PEG, 

albeit at the expense of low solubility in water and a lack of biocompatibility. 

If PEG-derivatives are expected to degrade, which may be beneficial for biomedical applications 

such as reversible PEGylation, the incorporation of cleavable moieties into the polymer backbone 

is necessary. PEG is regarded as the gold standard for polymer-drug conjugation in order to prevent 

proteolytic degradation of pharmaceutic agents, as it is non-toxic, chemically inert, water-soluble 

and has a low immunogeneity.[65] However, PEG is not biodegradable restricting its use to a 

maximum molecular weight of 40 kDa, as higher molecular weight PEGs can accumulate in human 

tissue and may lead to storage diseases.[66] This molecular weight threshold represents the renal 

excretion limit of human kidneys exhibiting a natural boundary for the utility of PEG. However, the 

use of high molecular weight PEG is particularly favorable, as blood circulation times of PEGylated 

drugs prolong with increasing molecular weights of PEG[67] making the design of in-chain cleavable 

PEG derivatives especially desirable.  
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Table 2: Compilation of cleavable groups, synthesis strategies and respective cleaving stimuli 
reported for PEGs and derivatives. Adapted with permission from Dingels, C.; Frey, H. In Hierarchical 
Macromolecular Structures: 60 Years after the Staudinger Nobel Prize II; Percec, V., Ed.; Springer 
International Publishing: 2013; Vol. 262, p 167. Copyright 2013 Springer.17 

Cleavable 
Unit 

Structure Synthetic 
Approach 

Degradation [a] Ref. 

Acetals O O

R H  
PEG coupling  pH < 7.4  [70–73] 

Acetals/ 
ketals 

O O

R1 R

R = R2, H  

Cleavable AROP 
initiator 

pH < 7.4 [74,75] 

Aconitic 
acid 
diamides 

H
N

H
N

O O
OHO  

PEG coupling pH < 7.4 [76]  

Azo groups N
N  

PEG coupling enzymatic [77,78]  

Carbo-
nates O O

O

 
PEG coupling basic hydrolysis [79,80]  

Carboxy-
lates O

O

 
PEG coupling hydrolytic, 

enzymatic 

[81,82]  

Disulfides S
S  

PEG coupling reductive [83,84]  

Hemi-
acetals O

OH

 
PEG oxidation acidic or basic  [85]  

Ortho-
esters O

O

O

O

O

O

 
PEG coupling pH < 7.4 [86]  

Peptides 
N
H

O

 

PEG coupling enzymatic [87,88]  

Phospho-
esters O

P
O

R

O

 
PEG coupling acidic or basic [89,90]  

Urethane 
O N

H

O

 

PEG coupling (hydrolytic) [91,92]  

Vinyl 
ethers 

O  

Elimination 
functionalized 
PEG, PEG 
coupling  

pH < 7.4 or 

light/1O2 

[93]  

o-Nitro 
benzyl 
ethers  

PEG 

coupling 

light [69]  

[a] Conditions may vary for the same cleavable unit due to different adjacent moieties. 
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A variety of different stimuli, such as a potential pH-sensitivity, redox-response and enzymatic 

cleavage, have been employed to trigger the in-chain scission of the PEG backbone or the 

detachment of PEGs from the drug conjugate within a targeted tissue or cellular compartment.[68] 

More recently, light as stimulus has likewise been exploited to induce a cleavage of PEG-derived 

structures.[69] Table 2 compiles different cleavable moieties which have been used as linkers of PEG 

conjugates or have been incorporated into the polyether backbone as in-chain junctions. 

Additionally, their synthesis strategies and the respective cleaving stimuli are attributed.  

A review article has recently been published focusing on strategies to incorporate cleavable 

moieties into PEG chains and PEG conjugates.[94]  

It is noteworthy that PEG-based lipids bearing cleavable moieties have become increasingly 

attractive for the design of surface-modified liposomes (stealth liposomes) as drug delivery 

systems.[95]682 The presence of stimuli-cleavable linkers in the lipid structures triggers shedding of 

liposomes within a particular cellular compartment or tissue to improve the efficacy of a liposomal 

formulation. Numerous reports on acid-labile PEG lipids based on cholesterol with cleavable 

junctions, such as aconitic acid, hydrazones or vinyl ethers, have been established.[96]  

Alternative polymers which combine the properties of PEG, such as high water-solubility, low 

protein adsorption with degradability may be polypeptides, polypeptoides (i.e. polysarcosin), HES, 

poly-N-(2-hydroxypropyl) methacrylamide (PHPMA), polyglutamic acid (PGA), polyacetal 

(“fleximer”), poly(oxazoline)s, poly(phosphoester)s, and polysialic acid.[97–104]  
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Abstract 

Poly ((ethylene oxide)-b-(propylene oxide)-b-(ethylene oxide)) triblock copolymers commonly 

known as poloxamers or Pluronics® constitute an important class of non-ionic, biocompatible 

surfactants. We report a method to incorporate two acid-labile acetal moieties in the backbone of 

poloxamers to generate acid-cleavable nonionic surfactants. Poly(propylene oxide) was 

functionalized by means of an acetate-protected vinyl ether to introduce acetal units. Three 

cleavable PEO-PPO-PEO triblock copolymers (Mn,total = 6600, 8000, 9150 g·mol-1; Mn,PEO = 2200, 3600, 

4750 g·mol-1) were synthesized using anionic ring-opening polymerization. The amphiphilic 

copolymers exhibited narrow molecular weight distributions (Ð = 1.06 - 1.08). Surface tension 

measurements revealed surface-active behavior in aqueous solution comparable to established 

non-cleavable poloxamers. Complete hydrolysis of the labile junctions after acidic treatment was 

verified by size exclusion chromatography (SEC). The block copolymers were employed as 

surfactants in a miniemulsion polymerization to generate PS nanoparticles with mean diameters of 

approximately 200 nm and narrow size distribution, as determined by dynamic light scattering and 
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scanning electron microscopy (SEM). Acid-triggered precipitation facilitates removal of surfactant 

fragments from the nanoparticles, which simplifies purification and enables nanoparticle 

precipitation “on demand”.  

Table of Contents Graphics 

 

 

 

Block copolymers composed of a central hydrophobic poly(propylene oxide) (PPO) block flanked by 

two hydrophilic poly(ethylene oxide) (PEO) segments are commonly known as “poloxamers” and 

have been extensively utilized as non-ionic surfactants for sixty years. These biocompatible PEO-b-

PPO-b-PEO copolymers are commercially available as Pluronics® in a broad range of molecular 

weights and compositions for a widespread area of applications, such as emulsifiers, dispersing 

agents, and lubricants in addition to more specialized applications in biomedicine, pharmaceutical 

sciences, and nanoscience.[1–5] The inherently amphiphilic nature of poloxamers causes aggregation 

in aqueous solution, leading to the formation of micelles, i.e., spherical, polymeric assemblies 

comprised of a PPO-dominated core and a PEO-dominated corona.[6] Aggregation of Pluronics® in 

solution has been investigated extensively, and numerous reports have focused on the 

determination of the critical micelle concentration (cmc).[7] The aggregation as well as the 

emulsification properties of Pluronics® have given rise to their application as surfactants in 

miniemulsion polymerization (MEP) processes.[8] This polymerization technique enables the one-

step encapsulation of hydrophobic compounds in nanoparticles.[9] Polymer particles of tailormade 
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compositions and structures have been obtained via this method using, Pluronics® as surfactants, 

including nanocapsules based on poly(vinyl acetate), polyurethanes, and polystyrene.[10,11] 

In recent years the integration of cleavable units into biocompatible polyethers has found 

increasing attention, in several cases relying on acetals and hemiacetals.[12] These scissile units serve 

as molecular breaking points to assure the degradation of the polymeric structures to smaller 

fragments. Tomlinson et.al. first demonstrated the synthesis of polyacetals via polyaddition-type 

reactions of a divinylether/diol monomer system and proved the degradability via acidic 

hydrolysis.[13] Notably, the synthesis of cleavable surface-active agents has been reported in some 

works, based on a variety of cleaving stimuli, such as pH, light, oxidative conditions, and 

temperature can be exploited to induce scission of surfactants.[14–19] Environmental concerns, 

especially the toxicity of commercial detergents for aquatic organisms even at low concentrations 

have led to intense efforts to design scissile surfactants.[20] Furthermore, application of surfactants 

containing labile units can prevent undesired foaming and further emulsification after usage of the 

surfactant. Especially, surfactants susceptible to acidic hydrolysis are becoming attractive because 

the degradation can be initiated by convenient lowering of the pH. Namely, non-ionic and ionic 

surfactants containing cyclic acetals and ketals as pH-sensitive linkers based on 1,3-dioxolane alkyl 

and 1,3-dioxane alkyl structures have been employed for pH-sensitive microemulsion 

formulations.[20] The advantage of these surfactants with respect to their use in organic synthesis 

has been elegantly demonstrated by Bieniecki et. al. via the simplified recovery of the reaction 

product from a two phase system after acid-initiated decomposition of the surfactant.[21] However, 

the emulsification properties of this class of surfactants were found to be inferior to conventional, 

non-cleavable surfactants due to the presence of in-chain cyclic, sterically demanding moieties.[22]  

Acid-cleavable surfactants reported to date do not fulfil all requirements, such as excellent 

emulsification properties and well-defined structures. We introduce a novel class of cleavable, 

biocompatible amphiphiles based on PEO-b-PPO-b-PEO copolymers with narrow molecular weight 

distributions bearing two acyclic acetal units. Complete hydrolysis of the surfactants´ acetal 
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moieties upon acidic treatment is verified by size exclusion chromatography (SEC). This new class 

of surfactants is derived from the well-known structure of poloxamers. Successful application of 

these novel amphiphiles as surfactants in the free radical miniemulsion polymerization of styrene 

is demonstrated. The presence of acetal moieties facilitates the acid-triggered precipitation of PS 

nanoparticles from the dispersion, allowing a straightforward particle purification or potential film 

formation “on demand”.  

 

Scheme 6: Preparation of the cleavable PEO-b-PPO-b-PEO copolymers. 

The incorporation of acetal moieties into the backbone of polyethers, such as PEG, has been 

developed by our group in previous works, wherein an acetate protected vinyl ether was 

implemented to functionalize polymeric alcohols.[23,24] Here a bifunctional, hydroxyl-terminated 

poly(propylene oxide) A was used (Scheme 6), which contains a secondary and a primary terminal 

hydroxyl group. Two acetal junctions were introduced via an acid-catalyzed conversion of A with 2-

acetoxyethoxy vinyl ether B. The precursor compound B was synthesized according to methods 

described in literature.[25] Subsequently, saponification of the acetate protective groups led to the 

formation of the telechelic D that served as a macroinitiator for the anionic ring-opening 
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polymerization (AROP) of ethylene oxide to access the acid-labile PEO-b-PPO-b-PEO copolymers PA. 

Synthetic details are given in the Supp. Information. At first, modification of commercially available 

poly(propylene oxide) A with 2-acetoxyethoxy vinyl ether B was conducted using p-toluenesulfonic 

acid as a catalyst. Quenching of the reaction with triethylamine after 15 min was essential, as 

shorter reaction times led to incomplete functionalization. The successful formation of the acetyl-

protected PPO derivative C was confirmed via 1H NMR spectroscopy, SEC analysis, and MALDI ToF 

mass spectrometry (See SI, Figure S-1, S-2 and S-4). Complete conversion of the PPO hydroxyl 

groups was indicated by 1H NMR spectroscopy. Integration of the acetal proton signals of both PPO 

termini at 4.9 and 4.8 ppm, respectively, exhibited normalized values of 1.0, concluding that 

functionalization of both hydroxyl groups of PPO occurred to the same extent (Figure S-1). Further 

verification of the quantitative functionalization of PPO was obtained via SEC hydrolysis 

experiments described in the following. 

Complete saponification of the terminal acetate moieties in the second step of the synthesis was 

confirmed by FTIR spectroscopy. The disappearance of the carbonyl stretches at 1740 cm-1 and the 

appearance of the expected broad stretch vibration of the liberated terminal hydroxyl groups at 

3400 cm-1 indicate complete removal of the terminal acetate units (Figure S-5). In addition, 1H NMR 

spectroscopy revealed the loss of the acetate proton signals at 2.0 ppm, while the protons 

corresponding to the acetal groups remained unchanged. MALDI Tof MS confirmed the presence 

of the PPO derivative D unambiguously (Figure S-3 and S-6).  

In the final step of the synthesis, AROP of ethylene oxide was carried out in THF solution, using the 

telechelic PPO D as a macroinitiator. The resulting acid-labile PEO-b-PPO-b-PEO block copolymers 

(henceforth referred to as poloxamer analogs, PAs) were isolated by precipitation in diethyl ether. 

Figure 1A shows the corresponding SEC traces of three polymer samples (PA-1, PA-2, PA-3) in 

comparison to the PPO precursor A. All samples exhibit narrow, monomodal molecular weight 

distributions (Ð = 1.06 – 1.08) with significant shifts to higher molecular weights compared to the 

non-functionalized PPO. 1H NMR spectroscopy confirmed the integrity of the acetal junctions at 4.8 
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ppm within the block copolymers and the presence of the PEO backbone protons at 3.6 ppm. PEO 

proton signals partly overlap with the polyether backbone of PPO between 3.8 and 3.2 ppm. In 

order to determine molecular weights of the block copolymers, integration of the backbone signals 

in 1H NMR spectroscopy was conducted. The molecular weight of the PPO block was calculated 

from the PPO precursor D based on integration of the methyl backbone protons at 1.2 - 1.0 ppm in 

comparison to the normalized acetal proton signals at 4.9 and 4.8 ppm. (Figure S-3) The fact that 

the methyl protons of the PPO backbone were significantly shifted upfield in relation to the PEO, 

PPO methine and PPO methylene protons could be utilized to determine the molecular weights of 

the PEO blocks (Figure 1C). The values obtained for the acid-labile PEO-b-PPO-b-PEO copolymers as 

well as for the PEO and PPO blocks are summarized in Table 1. The generic terms (Pxy) according 

to the established nomenclature for poloxamers are employed. Therein, the first two digits 

multiplied by 100 correspond to the approximate molecular weight of the PPO block whereas the 

last digit multiplied by a factor of 10 represents the weight percentage of PEO. The synthesized 

PEO-b-PPO-b-PEO PA-1, PA-2, PA-3 are categorized as P403, P404 and P405 according to this 

category system. 

Table 3: Characteristics of acid-cleavable PEO-b-PPO-b-PEO copolymers PA-1, PA-2 and PA-3. 

Sample Mn,NMR 

(PA) 

Mn,NMR 

(PPO) 

Mn,NMR 

(PEO) 

Mn,SEC 

(PEO) 

n/(EO)2n(PO)63 ÐPA cmc / 

𝐠

𝐋
 

HLB Pxy 

g/mol 

PA-1 5700 3700 2000 2000 23 1.06 0.05 7.0 P403 

PA-2 6900 3700 3200 3100 36 1.06 0.12 9.3 P404 

PA-3 7900 3700 4200 4600 48 1.08 0.03 10.6 P405 

Mn,NMR(PA) = molecular weights of PAs from NMR; Mn,NMR(PPO) = molecular weights of PPO block calculated 

from NMR using PPO precursor D; Mn,NMR(PEO) = molecular weights of PEO fraction calculated from NMR; 

Mn,SEC(PEO) = molecular weights of PEO fraction determined from SEC data after acidic hydrolysis using PEG 

standards; n[(EO)2n(PO)63] = degree of polymerization of PEO fraction; ÐPA,SEC = Mw/Mn (dispersity); cmc = 

critical micelle concentrations determined by ring tensiometry measurements; HLB = hydrophilic-lipophilic 

balance; Pxy = generic term according to nomenclature of poloxamers.  
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Susceptibility to acidic hydrolysis of the synthesized PEO-b-PPO-b-PEO copolymers was studied by 

SEC analysis. Aliquots of the polymer samples were treated with diluted TFA and subsequently 

analyzed by SEC. Figure 1B illustrates the results obtained for sample PA-1 before and after 

hydrolysis in comparison to the PPO precursor.  

 

Figure 9: A: SEC traces of poloxamer analogs PA-1,2,3 (red, blue, green) in comparison with the PPO precursor 

(black) using DMF as eluent. B: Top: Hydrolysis reaction. Bottom: SEC traces of PA-1 before (black) and after 

(red) acidic hydrolysis in comparison with PPO precursor (dashed). C: 1H NMR spectra of PA in CD2Cl2 at 400 

MHz (298 K). The region between 4.9 - 4.6 ppm showing the acetal signals was magnified. 
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The SEC trace of the sample after acidic treatment revealed a bimodal size distribution, confirming 

the reaction given in the scheme below (Figure 1B). The good overlap of the high molecular weight 

fraction with the SEC trace of the PPO precursor verified that this size distribution corresponds to 

the non-functionalized PPO released during hydrolysis. Furthermore, the appearance of a second 

distribution at higher elution volume was attributed to the PEO fragments. In addition, the 

monomodal molecular weight distribution (Ð = 1.06) accounted for the symmetry of the two PEO 

blocks introduced via AROP of ethylene oxide, resulting in poloxamer analogous structures. 

Moreover, the disappearance of the PEO-b-PPO-b-PEO block copolymer signal in the SEC trace 

confirms cleavability of the polymers and provides evidence that only scissile PEO-b-PPO-b-PEO 

structures are contained in the samples. This experiment retrospectively verifies quantitative 

functionalization of the PPO precursor A in the first reaction step. Equivalent results were obtained 

for the acidic hydrolysis of all polymer samples. (Figure S-13 and S-14) 

Molecular weights of the PEO blocks were estimated from the SEC traces after hydrolysis using PEG 

standards. The values obtained were summarized in Table 1 and agree well with the results from 

NMR analysis. The novel acid-labile PEO-b-PPO-b-PEO copolymers were characterized by surface 

tension measurements revealing critical micelle concentrations (cmc) in the range of 0.03 to 0.12 

g·L-1 (Table 1). Critical micelle concentrations of Pluronics® have been discussed controversially in 

the literature and reported values differ by as much as three orders of magnitude. Mostly, 

fluorescent probe studies and surface tension measurements were reported, however Kabanov 

et.al. demonstrated that the values obtained from both techniques are in good agreement.[26] Due 

to the lack of systematic surface tension data on cmc values of Pluronics®, results of fluorescent 

probe measurements were taken as a reference. A set of reported cmc data obtained via pyrene 

probe analysis for Pluronics® covering the molecular weight range of PA polymers in the region of 

6000 to 12000 g·mol-1 and Mn (PEO) ranging from 2400 to 8800 g·mol-1 was found suitable for 

comparison.[7] The respective cmc values range from 0.02 – 0.40 g·L-1, matching well with the results 

obtained in the current study for the acid-labile PEO-b-PPO-b-PEO copolymers. 
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The application of the cleavable polymers as surfactants in miniemulsion polymerizations (MEPs) 

was studied in a proof-of-principle synthesis of polystyrene nanoparticles. As a reference 

experiment, the MEP of styrene was conducted using Lutensol® AT 25, a common non-ionic 

surfactant based on a polyalkylene glycol ether, to evaluate the properties of the novel cleavable 

amphiphiles. The polymerization was carried out in a direct (oil-in-water) miniemulsion. Styrene 

and the initiator (AIBN) were dispersed together with the osmotic pressure agent hexadecane in 

water containing the surfactants (8 wt%) (SI). Stable miniemulsions were only obtained in the case 

of polymer sample PA-3, due to the higher hydrophilicity of this surfactant compared to the other 

block copolymers. This observation is also in agreement with the HLB values of the surfactants. PA-

1 (HLB = 7.0) and PA-2 (HLB = 9.3) exhibit values close to 8, whereas, in case of PA-3 (HLB = 10.6), a 

HLB exceeding 10 suggests effective stabilization of oil-in-water emulsions.  

 

Figure 10: A: PS particle emulsions stabilized by Lutensol® (left) and PA-3 (right) after acidification. B: FTIR 

spectra of PS particles before (bottom) and after (top) acidification. C: SEM images of PS nanoparticles 

prepared via MEP using Lutensol® (top) and PA-3 (bottom) as surfactants. 
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After the MEP, the resulting PS nanoparticle dispersions were acidified by addition of hydrochloric 

acid, resulting in the immediate destabilization of the emulsion and precipitation of the particles. 

In contrast, Lutensol® miniemulsions remained stable under the same conditions. (Figure 2A) 

Destabilization of the emulsion is due to the cleavage of the acetal moieties and the scission of the 

surfactant triggered by acidic treatment (pH = 1.5). This property is highly desired, as the surfactant 

enables a simplified purification protocol of nanoparticles.  

The successful cleavage of the surfactant and separation of the polyether fragments from 

polystyrene particles was proven by FTIR spectroscopy. The disappearance of the ether stretch 

vibration at 1095 cm-1 after acidic treatment indicates the absence of polyether fragments in the 

particles and highlighted the advantage of this class of pH-cleavable surfactants as the purity of 

particles was improved significantly. The size of the PS nanoparticles was determined by dynamic 

light scattering (Lutensol®: 170 nm +/- 17 nm; PA-3: 210 nm +/- 17 nm) proving a narrow size 

distribution in both cases. SEM images of the PS nanoparticles further underline the homogeneous 

nature of generated nanoparticles (Figure 2).  

In conclusion, novel acid-labile PEO-b-PPO-b-PEO copolymers were synthesized and effectively 

used as surfactants which are ‘cleavable on demand’ in miniemulsion polymerizations. Three 

different copolymers with similar PPO blocks and varying PEO segments (Mn = 6600, 8000, 9150 

g·mol-1; Mn,PEO = 2200, 3600, 4750 g·mol-1) were prepared, exhibiting narrow molecular weight 

distributions with Ɖ < 1.1. Susceptibility to acid hydrolysis of the cleavable moieties was verified by 

SEC analysis. The cmc of the block copolymers in aqueous solutions was investigated by surface 

tension measurements revealing values in the range of 0.03 - 0.12 g·L-1 that are in good agreement 

with reported cmc values for Pluronics® of comparable molecular composition. The cleavable PEO-

b-PPO-b-PEO copolymers were employed as surfactants in the miniemulsion polymerization of 

styrene. Only the block copolymer with the highest PEO content and an HLB value exceeding 10, 

i.e. sample PA-3 enabled formation of stable emulsions yielding PS nanoparticles with average 

diameters of 200 nm, as confirmed by SEM and DLS. Acid-triggered precipitation simplified particle 
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purification and allowed for efficient separation of surfactant fragments, resulting in surfactant-

free nanoparticles, as confirmed by IR spectroscopy. The simplified purification process highlights 

the fundamental advantage of this new class of surfactants. The degradable poloxamer analogs 

offer great potential for the fabrication of surfactant-free nanoparticles and -capsules as well as the 

development of pH-responsive colloidal formulations and pH-triggered film formation. 
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Experimental Section 

Materials and Characterization 

Poly(propylene oxide) (Mn = 3700 g/mol) and p-toluenesulfonic acid mono hydrate (pTSA) were 

purchased from Sigma Aldrich. 2-Acetoxyethoxy vinyl ether was synthesized according to reported 

procedures.[1] THF was dried over sodium/benzophenone. Dry dichloromethane (DCM) in a sealed 

bottle with molecular sieve was purchased from Sigma Aldrich. Lutensol® AT 25 Powder (Mn = 1360 

g/mol) was purchased from BASF. Deuterated dichloromethane-d2 was purchased from Deutero 

GmbH. All other chemicals were purchased from common commercial sources and used as received 

unless otherwise noted. 1H NMR was measured on a Bruker AC 400 MHz with a 5 mm BBO probe 

at 294 K. 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 and RI detector. Polydispersity indices 

(Ð = Mw/Mn) were determined using monodisperse PEG standards from Polymer Standard Service 

GmbH (PSS). MALDI-ToF mass spectrometry was conducted on an Axima CFR MALDI-ToF mass 

spectrometer using α-cyano-4-hydroxy-cinnamonic acid (CHCH) as matrix and potassium 

trifluoroacetate (KTFA) as a source for cations. Surface tension measurements to determine critical 

micelle concentrations (cmc) were performed on a DATA Physics DCAT 11 EC tensiometer with a TV 

70 temperature control unit, a LDU 1/1 liquid dosing and refill unit as well as a RG 11 Du Noüy ring. 
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Miniemulsion systems were generated by ultrasonification using a Branson Sonifier W-450-Digital 

and a ⅛" tip, at 70% amplitude for 2 min. Afterwards the systems were placed in a thermal shaker 

at 72°C overnight. Dynamic Light Scattering (DLS). The size of the polystyrene particles was 

determined by DLS, using a PSS Nicomp Particle Sizer 380. The particle dispersion were diluted with 

MilliQ water to a solid content of 0.1%. The temperature is maintained at 25 °C while the scattered 

light is detected at an angle of 90°. Scanning Electron Microscopy (SEM) measurements were 

carried out by using a LEO (Zeiss) 1530 Gemini device (Oberkochen, Germany). The sample were 

diluted with MilliQ water, until the solid content was 0.01%. 20 µl of the dispersion were placed on 

the silica wafer, and dried at room temperature overnight. The images are obtained with an 

acceleration voltage of 350 V. Fourier transform infrared spectroscopy (FTIR) was proceeded using 

a BX spectrometer from Perkin-Elmer. 1.5 mg of the freeze dried sample was pressed with KBr to 

form a pellet, and the spectrum was recorded between 4000 and 400 cm-1.  

Di-(1-(2-acetoxyethoxy)-ethoxy)-α,ω-poly (propylene oxide) C. Poly (propylene oxide) (Mn = 3700 

g/mol, 600 mg, 0.162 mmol), p-toluenesulfonic acid (pTSA) (4.2 mg, 0.022 mmol) were dissolved in 

benzene (6 mL), dried under vacuum and dissolved in dry DCM (12 mL). Subsequently, 2-

acetoxyethoxy vinyl ether (297 mg, 2.23 mmol) was dissolved in toluene (6 mL) and the solvent was 

removed under reduced pressure. After adding DCM (6 mL) the solution was transferred into the 

reaction vessel the reaction mixture was stirred for 15 min under Ar atmosphere at ambient 

temperature and then quenched with triethylamine (10 mL). The solvent was evaporated under 

reduced pressure leaving a colorless residue that was dissolved in petroleum ether (50 mL) and 

rinsed with 1 N sodium hydroxide two times. The aqueous fractions were extracted with petroleum 

ether twice, the combined organic layers were dried over sodium sulfate and the solvent was 

evaporated under reduced pressure. After removing all volatiles in vacuum a colorless oil was 

obtained (635 mg, 0.160 mmol, 98 %). 1H NMR (400 MHz, CD2Cl2): δ [ppm] = 4.89 (m, 1H, i), 4.81 (q, 

1H, J = 5.3 Hz, d), 4.16-3.43 (m, 198H, b+c+f+g), 2.04 (s, 6H, a), 1.26 (d, 6H, J = 5.3 Hz, e+j), 1.28-1.25 

(m, 190H, h) 
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Figure S-1: 1H NMR spectra of C measured in CD2Cl2 at 400 MHz. 

 

Figure S-2: MALDI-ToF MS of C using a CHCA matrix and KTFA as salt. 
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Di-(1-(2-hydroxyethyl)-ethoxy)-α,ω-poly(propylene oxide) D. Compound C (634 mg, 0,160 mmol) 

and KOH (360 mg, 6.43 mmol) were stirred under reflux in a mixture of ethanol (64 mL) and H2O 

(3.8 mL, 0.21 mmol) for 2h. Ethanol was removed under reduced pressure to give a colorless residue 

that was dissolved in petroleum ether (100 mL), rinsed with 0.1 N NaOH two times and the aqueous 

layer was extracted with petroleum ether. After drying the combined organic layer over sodium 

sulfate, the solvent was removed and the viscous oil (536 mg, 0.138 mmol, 86 %) was dried in 

vacuum for 16 h. 1H NMR (400 MHz, CD2Cl2): δ [ppm] = 4.89 (m, 1H, i), 4.82 (q, 1H, J = 5.3 Hz, d), 

4.16-3.43 (m, 198H, b+c+f+g), 2.58 (m, 1H, k/a), 2.29 (m, 1H, k/a), 1.29 (d, 3H, J = 5.3 Hz, j), 1.27 (d, 

3H, J = 5.3 Hz, e), 1.16-0.98 (m, 190H, h)  

 

Figure S-3: 1H NMR spectra of D measured in CD2Cl2 at 400 MHz. 
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SEC traces obtained after reaction with the vinyl ether B revealed a higher molecular weight species. 

(Supporting Information, Figure S-4) This observation is explained by a side reaction involving a 

transacetalization leading to the formation of symmetric acetals.[21] SEC analysis indicates a 

molecular weight close to 7k g·mol-1 corresponding to a PPO homo-acetal. However, this undesired, 

high molecular weight byproduct was completely removed by precipitation of the final PEO-b-PPO-

b-PEO copolymers in diethyl ether.  

 

Figure S-4: SEC traces of PPO precursor A (black), C (blue) and D (red).  
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Figure S-5: FT-IR spectra of C (blue) and D (red). 

 

Figure S-6: MALDI-ToF MS of D using a CHCA matrix and KTFA as salt. 
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Synthesis of PEO-b-PPO-b-PEO copolymers.  

The procedure is described for the synthesis of polymer sample PA-3, however was carried out 

accordingly for all PEO-b-PPO-b-PEO polymers discussed in this study. Compound D (520 mg, 0.134 

mmol) was dissolved in benzene (20 mL) in a dry Schlenk flask. After stirring the solution at 70 °C 

for 30 min under slightly reduced keeping the stopcock closed moisture was removed by azeotropic 

distillation of benzene and drying under high vacuum for 16 h. The flask was then cooled to room 

temperature, dry THF was cryo-transferred into the Schlenk flask and potassium naphthalenide in 

THF (0.35 mL, c = 0.5 mol/l, 0.176 mmol) was added via syringe. Potassium naphthalenide in THF 

solution (c = 0.5 mol/l) was prepared under argon from potassium (235 mg, 6.0 mmol), naphthalene 

(770 mg, 6.0 mmol) and dry THF (12 mL) prior in a glovebox. Subsequently, the formed hydrogen 

and half of the THF was evaporated followed by the cryo-transfer of ethylene oxide (1.8 mL, 36 

mmol) via a graduated ampule to the macroinitiator solution. The reaction mixture was stirred for 

3 h at 40 °C and then allowed to react for 3 d at 60 °C. After quenching the reaction with methanol 

(5 mL) the polymer was precipitated from DCM in cold diethyl ether three times and dried in high 

vacuum. Yield: 740 mg (70 %). 1H NMR (400 MHz, CD2Cl2): δ [ppm] = 4.89 (m, 1H, i), 4.82 (q, 1H, J = 

5.3 Hz, d), 3.65-3.55 (m, HPEO, b), 3.91-3.20 (m, 568H, b+c+f+g), 1.26 (d, 6H, J = 5.3 Hz, j+e) 1.16-0.98 

(m, 190H, h)  
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Figure S-7: 1H NMR spectra of PA measured in CD2Cl2 at 400 MHz. 

 

Figure S-8: SEC traces of PPO precursor A, PA-1, PA-2 and PA-3. 
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Hydrolysis studies of PEO-b-PPO-b-PEO copolymers. PEO-b-PPO-b-PEO samples (10 mg) were 

dissolved in mixture TFA / H2O (5 mL, v/v: 2/1) and stirred for 1 d at ambient temperature. Solvent 

was evaporated under reduced pressure and moisture was removed by azeotropic distillation with 

benzene (2x3ml). Subsequently, the polymeric residue was analyzed by SEC measurements.  

 

Figure S-9: SEC traces of PA-1 before and after hydrolysis in comparison with PPO precursor A. 

 

Figure S-10: SEC traces of PA-2 before and after hydrolysis in comparison with PPO precursor A. 
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Figure S-11: SEC traces of PA-3 before and after hydrolysis in comparison with PPO precursor A. 

Note: The SEC traces of PA-1,2,3 after hydrolysis do not reveal a third mode in lower elution volume 

region which had been present in the SEC traces of the PPO derivatives C and D (see Figure S-4). 

This demonstrates that the symmetric PPO acetal formed during functionalization of A was 

successfully removed.  

Miniemulsion polymerizations. A stock solution of lutensol (respectively, PA-3) in water (2mg/ml) 

was prepared. Accordingly, an oil phase stock was prepared from AIBN (15 mg, 0.09 mmol), 

hexadecane (25 mg, 0.11 mmol), styrene (500 mg, 4.80 mmol) and aliquots of 50 mg of the oil stock 

were added into 2 ml of the water stock. The system was magnetically stirred for 1h at 1000 rpm, 

subsequently homogenized by indirect sonication (Branson 450W digital indirect sonifier), at 0°C , 

90% amplitude, for 2 min to generate a miniemulsion system. Afterwards the system was placed in 

a thermal shaker at 72°C overnight.   

Acidification of the nanoparticle dispersions. 400 µl of the nanoparticle dispersion were mixed 

with MilliQ water (1600µl), and 1M HCl (20µl) was added. The final pH in both dispersions was 

determined to be ca. 1.5. Afterwards, the dispersion were magnetically stirred overnight, both of 
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them were purified by threefold centrifugation, at 7000 rpm for 30 min. The purified samples were 

freeze dried for further characterization. 

 

 

 

 

Figure S-12: Size distribution of polystyrene particles obtained with PA-3 as a surfactant. 

 

Figure S-13: Size distribution of nanoparticles obtained with Lutensol® as a surfactant.  
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Figure S- 14: SEM Images of nanoparticles prepared using Lutensol® (top) and PA-3 (bottom).  

 

Figure S-15: FTIR spectra of PS particles before and after acidic cleavage of surfactants. 
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Comonomer to Establish Degradability at Physiologically Relevant pH 
 

Matthias Worm,a Daniel Leibig,a,b Carsten Dingels,a and Holger Freya* 

a Institute of Organic Chemistry, Johannes Gutenberg-University, Duesbergweg 10-14, D-55128 Mainz, Germany. 

b Graduate School Materials Science in Mainz, Staudinger Weg 9, D-55128 Mainz, Germany. 

 

Submitted 

 

Abstract 

Polyethylene glycol (PEG) has been used for decades to improve the pharmacokinetic properties of 

protein drugs, and several PEG-protein conjugates are approved by the FDA. However, the non-

degradability of PEG restricts its use to a limiting molecular weight to permit excretion via the 

kidney pathway. In this work, we introduce a simple strategy to overcome the non-degradability of 

PEG by incorporating multiple pH-sensitive vinyl ether moieties into the polyether backbone. 

Copolymerization of 3,4-epoxy-1-butene (EPB) with ethylene oxide via anionic ring-opening 

polymerization (AROP) provides access to allyl moieties that can be isomerized to yield pH-cleavable 

propenyl units (isoEPB). Well-defined P(EPB-co-EG) copolymers (Ð = 1.05 – 1.11) with EPB contents 

of ~ 4 mol% were synthesized in a molecular weight range of 3000 to 10000 g mol-1. 1H NMR kinetic 

studies served to investigate acidic hydrolysis in a pH range of 4.4 to 5.4 and even allowed to 

distinguish between the hydrolysis rates of (E)- and (Z)-isoEPB units, demonstrating faster 

hydrolysis of the (Z)-isomer. SEC analysis of degradation products revealed moderate dispersities Ð 

of 1.6 to 1.8 and consistent average molecular weights Mn of ~ 1000 g mol-1. The presence of a 

defined hydroxyl end group permits the attachment to other functional molecules. The novel pH-

degradable PEGs compile various desirable properties that render them promising candidates for 

biomedical application and can be cleaved in a physiologically relevant pH-range 

 



   
 

104 

 
 

 3 pH-Cleavable Poly(ethylene glycol)s 
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Introduction  

 

Polyethylene glycol (PEG) is well-known to promote various favorable pharmacokinetic properties 

when linked to a bioactive agent. Numerous pharmaceuticals based on PEGylated drugs have been 

approved by the FDA.[1–3] Covalent attachment of PEG chains to pharmaceutic agents effects higher 

aqueous solubility of the drug as well as decreased antigenic activity and proteolytic 

degradation.[4,5] In addition, renal clearance is strongly reduced, leading to prolonged blood 

circulation times,[6,7] hence therapeutic effects are strongly improved compared to the non-

PEGylated drug. Due to these desirable properties and its ubiquitous presence in biomedicine,[8] 

PEG has been termed the “gold standard polymer” for biomedical application.  

Despite the abovementioned advantages, PEG suffers from a lack of biodegradability, limiting its 

use to a maximum molecular weight of about 40 kDa.[9] Higher molecular weight polymers cannot 

be excreted via the kidneys and may accumulate in human tissue, potentially leading to storage 

diseases.[10] However, the rate of glomerular filtration has been shown to inversely correlate with 

the molecular weight of the polymers,[11] and, steric shielding of therapeutic drugs is clearly more 

efficient with increasing molecular weight,[12,13] suggesting the use of high MW PEGs.  

Several strategies have been proposed to circumvent these limitations. For instance, cleavable 

moieties can be introduced into PEG structures that allow for degradation of the polymers.[14] 
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Polymer decomposition is expected to occur, either in physiological domains of lowered pH, such 

as endosomal/lysosomal compartments,[15,16] and tumor tissue[17,18] in case of acid-labile groups, or 

in reductive intracellular environments, if redox-responsive residues are employed.[19] By using 

polycondensation or polyaddition reactions of telechelic PEGs with reactive end groups, degradable 

PEGs have been accessed. Examples of degradable units include pH-sensitive acetals,[20]cis-aconitic 

acids,[21] esters[22,23] as well as, redox-responsive moieties such as disulfides.[24] Although promising 

results have been demonstrated for some of the systems mentioned above with respect to 

degradation profiles and potential drug delivery, dispersities (Ð = Mw/Mn) of these systems are 

generally high due to the unavoidable step-growth mechanism. Another innovative strategy 

involves partial oxidation of the PEG backbone to generate hydrolysable linkages. Elisseeff and 

coworkers used an iron-based oxidizing agent (Fenton’s reagent) to form hemiacetal groups along 

the PEG backbone to ensure degradability. Unfortunately, no hydrolysis profiles of the polymers 

were reported to evaluate cleavage kinetics.[25] Most recently, a similar approach was presented by 

Liu et al. who employed ruthenium oxide to oxidize PEG and thereby, introduced ester moieties to 

obtain acid-degradable poly((ethylene glycol)-co-(glycolic acid)) copolymers. The authors analyzed 

degradation rates and molecular weight distributions of the hydrolyzed polymer, however, the 

presence of different end groups at PEG after oxidation limits further modification and subsequent 

conjugation to biomolecules.[26] Recently, our group reported a method to incorporate a pH-

cleavable acetal unit at a precisely determinable position in a PEG chain, however, this approach is 

restricted to a single degradable moiety in PEG and its conjugates.[27] Lately, an innovative strategy 

towards degradable PEGs was reported by Lynd, Hawker et al. Therein, copolymerization of 

ethylene oxide and epichlorohydrin followed by subsequent base treatment provided access to PEG 

containing vinyl ethers as cleavable linkages with dispersities of the copolymers below 1.4. 

Unfortunately, due to the trialkylaluminum-activated copolymerization, no defined end groups are 
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available to allow for bioconjugation and drug ligation strategies.[28] Single vinyl ether groups have 

further been incorporated into PEG-based lipids for liposomal applications.[29,30] 

The use of vinyl ethers as pH-sensitive moieties is regarded as highly promising given that their rate 

of hydrolysis can be adjusted by the substitution pattern,[31–33] offering perspectives to fine-tune 

cleavage kinetics with respect to the specific prerequisites of controlled drug release.  

Although a variety of concepts has been reported to overcome limitations of PEG arising from its 

non-degradability, in our opinion, none of the aforementioned systems thoroughly matches the 

requirements for biomedical applications, i.e. well-defined structures, controlled hydrolysis profiles 

at physiological pH combined with possibilities to conjugate bioactive molecules.      

 

Scheme 7: Synthesis procedure for P(isoEPB-co-EG) copolymers. The relative content of isoEPB was 

determined from 1H NMR spectroscopy. 

In this work we introduce a convenient, two-step procedure to incorporate multiple vinyl ether 

residues into the backbone of PEG to assure its degradability. By using anionic ring-opening 

copolymerization (AROP) of ethylene oxide and 3,4-epoxy-1-butene (EPB) as a comonomer, well-
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defined copolymers (Ð = 1.05 – 1.11) with tailorable molecular weights and tunable EPB content 

could be synthesized. The allyl moieties of EPB were subsequently isomerized utilizing Wilkinson’s 

catalyst to yield pH-cleavable vinyl ethers (Scheme 1). 1H NMR kinetic studies were performed to 

evaluate susceptibility of these copolymers towards acidic hydrolysis. The degradation products 

after complete hydrolysis were analyzed by size exclusion chromatography. The presence of 

defined terminal hydroxyl groups in all chains enables further bioconjugation and ligation. The 

novel P(EPB-co-EG) copolymers compile multiple favorable properties for biomedical applications 

and may be viewed as a promising pH-degradable PEG substitute. 

Results and Discussion 

 

We employed 3,4-epoxy-1-butene (EPB) as a comparatively inexpensive and readily available 

monomer and the well-established ethylene oxide (EO) for the AROP. This straightforward, one-

step approach grants access to multiple allylic moieties distributed along the backbone of PEG that 

can be isomerized to yield pH-sensitive vinyl ether residues (isoEPB). To the best of our knowledge, 

anionic copolymerization of EPB and EO has not been reported to date. The synthesis of P(isoEPB-

co-EG) polymers is illustrated Scheme 7.  

N,N-Dibenzyl ethanolamine was used as an initiator to warrant distinguishable proton resonances 

of the polymer backbone and the initiator in NMR spectroscopy. Based on this initiator, accurate 

determination of molecular weights and comonomer content is possible via end group analysis. 

Copolymerization of EPB and EO was conducted in DMSO at room temperature using sodium 

hydride as a base. These mild reaction conditions proved necessary to suppress cleavage of 

copolymers during polymerization via β-elimination. This side reaction leads to the formation of 

butadiene fragments and has been observed in case of elevated temperatures and potassium or 

cesium alkoxides. (See SI, Scheme S-1) Presumable, the higher basicity of the alkoxide end groups 

for larger alkali metal ions such as potassium and cesium, promotes proton abstraction. A lack of d-
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orbitals in sodium might, in addition, prevent interactions with the allylic system of EPB units. 

Similar behavior has been observed for the isomerization of N-allyl amino moieties in the presence 

of sodium and potassium/cesium alkoxides.[34]  

Conversion of the allyl residues (EPB) to pH-cleavable vinyl ether moieties (isoEPB) was conducted 

in presence of Wilkinson’s catalyst RhICl(PPh3)3. Isomerization of α-substituted allyl ethers has been 

scarcely studied in the literature, however, some reports indicate that the catalytic activity of 

Wilkinson’s catalyst in organic solvents is insufficient and suggest the use of more reactive catalytic 

systems.[35,36] In the course of this study we found that isomerization of α-substituted allyl residues 

can be conveniently achieved using catalytic amounts of the conventional Wilkinson’s catalyst in 

DMSO at elevated temperatures. 

Table 4: Molecular Characteristics of P(EPB-co-EG) Copolymers. 

Sample Mn,NMR Mn,SEC ÐSEC mol% 

EPB 
(Z)/(E) Mn,SEC

a  Ðb
SEC 

before hydrolysis after hydrolysis 

g mol-1 g mol-1                                                         g mol-1  

P(EPB3-co-EG64) 3200 2800 1.05 4.5 0.69 1100 1.62 

P(EPB4-co-EG88) 4400 3200 1.05 4.3 0.67 1000 1.57 

P(EPB5-co-EG143) 6900 5300 1.06 3.4 0.61 1100 1.71 

P(EPB8-co-EG211) 10000 7200 1.11 3.7 0.63 1200 1.76 

Mn,NMR: Molecular weight of the copolymers obtained from 1H NMR via end group analysis;  Mn,SEC:  Molecular 

weights of the copolymers determined via size exclusion chromatography in DMF using PSS PEG standards 

for calibration. ÐSEC = Mw/Mn: Dispersity of polymer samples obtained from SEC using PEG standards. mol% 

EPB: Content of EPB calculated from 1H NMR. (Z)/(E): Ratio of (Z)- to (E)-isomers after isomerization calculated 

from 1H NMR. Mn,SEC
a: Molecular weight of polymer samples after acidic hydrolysis at pH 1 (MeOH/H2O) 

determined via SEC in DMF using PEG calibration. Ðb
SEC: Dispersity of polymer samples after acidic hydrolysis 

at pH 1 (MeOH/H2O) obtained from SEC via PEG calibration. 

P(EPB-co-EG) copolymers with molecular weights Mn between 3200 and 10000 g mol-1 were 

synthesized that exhibit narrow molecular weight distributions (D = 1.05 – 1.11) and consistent EPB 

content of about 4 mol%.  
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Table 4 summarizes the molecular characteristics of the copolymers. Molecular weights and EPB 

content were calculated from 1H NMR by comparing the integrals of initiator signals with the 

polyether backbone resonances and the vinyl proton signals of the comonomers. The values of the 

molecular weights obtained by size exclusion chromatography were generally underestimated with 

respect to results from NMR spectroscopy, which can be attributed to differences in the 

hydrodynamic volume of the copolymers and the PEG standards used for SEC calibration.  

 

Figure 11: 1H NMR Spectra of P(EPB5-co-EG143) before (A) and after (B) isomerization measured in DMSO-d6 

at 400 MHz. C: SEC traces of P(EPB-co-EG) copolymers using DMF as eluent and RI detection. 

SEC traces of P(EPB-co-EG)s are presented in Figure 11 C, revealing monomodal molecular weight 

distributions for all polymer samples and shifts to lower elution volume with increasing molecular 

weights.  
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Figure 11 A displays the 1H NMR of P(EPB5-co-EG143) as an example of a typical spectrum. Successful 

incorporation of EPB into the copolymers could be confirmed from the characteristic NMR signals 

of the allyl moieties in the olefinic region between 6.0 and 4.5 ppm. Furthermore, the spectra reveal 

already partial isomerization of allyl groups already during polymerization, which was observed for 

all polymer samples. The degree of isomerization varied between 11 and 28 %. Interestingly, only 

the (E)-isomer of the propenyl ether groups was formed spontaneously, as confirmed by 13C and 2D 

NMR analysis. (See also Figures S-1 and S-2)  

Catalytic isomerization of allyl residues to vinyl ether moieties could be monitored by 1H NMR, 

relying on the disapperance of the EPB protons (5.7, 5.2 ppm), and the appearance of the typical 

isoEPB propenyl resonances at 4.7 - 4.6 ppm (methine protons) and 1.6 - 1.5 ppm (methyl protons, 

see Figure 11 B). In addition, 13C and 2D NMR served to analyze the structures, and comparison of 

the integrals of the comonomers in 1H NMR spectroscopy before and after isomerization proves 

quantitative conversion (spectra are included in SI). A mixture of (E)- and (Z)-isomers was obtained 

for the propenyl ether residues of isoEPB, though consistently higher amounts of the (E)-isomer 

were formed. The ratio of (Z)- to (E)-isoEPB was calculated from the relative integrals of the two 

characteristic quartets at 4.7 and 4.6 ppm revealing values of 0.61 to 0.69 (see  

Table 4). A close-up view of the aromatic region in Figure 11 B verifies complete removal of the 

catalyst via precipitation as characteristic resonances of the PPh3 ligands of Wilkinson’s catalyst 

between 7.6 and 7.4 ppm are not observed in the spectra. The isomerized polymer samples were 

stable for several months without hydrolysis after solvent removal. 

In order to evaluate degradation behavior of the pH-sensitive P(isoEPB-co-EG) copolymers in acidic 

environment, real-time 1H NMR kinetic studies were performed in buffered D2O at 37 °C. This 

technique permits direct monitoring of the chemical conversion in an NMR tube and has been 

employed to screen hydrolysis profiles of acid-hydrolyzable moieties in polymers.[37] Figure 12 B 
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visualizes the results of in situ NMR kinetic measurements for the hydrolysis of P(isoEPB5-co-

EG143) at pD 4.4 recorded for a period of time of 24 h.  

 

Figure 12: A: Expected reaction for the acidic hydrolysis of P(isoEPB-co-EG) copolymers showing the 

formation of ketone and PEG fragments; B: 1H NMR kinetic studies on the hydrolysis of P(isoEPB5-co-EG143) 

in buffered D2O (pD 4.4) at 37 °C. The progression of signal intensities for characteristic resonances are 

presented in close-up and colored arrows visualize the development of respective peak intensities. C: 

Quantitative analysis of 1H NMR hydrolysis studies for P(isoEPB5-co-EG143) showing the integrity (integral ratio 

I(t)/I(t0)) of isoEPB units plotted vs. time for pD 4.4, 4.9 and 5.4. Individual plots are presented for the (E)-

isomer (red), the (Z)-isomer (blue) and overall integrity of the propenyl ether moieties (black) revealing faster 

hydrolysis for the (Z)-isoEPB units. Exponential fits were used to calculate the rate constants of hydrolysis.  

For illustrative purposes, an extract of 15 spectra is presented in Figure 12 (bottom), although 181 

spectra have been recorded and used for the quantitative analysis. A continuous decrease in the 

signal intensities of isoEPB units (4.7, 4.6, 1.6 and 1.5 ppm), in conjunction with the appearance of 

resonances corresponding to ketone end groups (2.5 and 1.1 ppm) provides evidence for the 

hydrolysis according to the expected reaction shown in Figure 12 A. Regions of interest are 

highlighted to visualize the progression of signal intensities. Due to slower rates of degradation, 
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hydrolysis studies at higher pD values (4.9, 5.4) were conducted outside the NMR spectrometer by 

incubating the NMR sample tubes at 37 °C and manually recording NMR spectra after selected 

periods of time. pH values in a range of 4.3 to 5.8 have been reported in literature for endosomal 

and lysosomal cellular compartments,[38,39] that match the pH range investigated in this study. 

Figure 12 C illustrates the hydrolysis profiles of P(EPB5-co-EG143) at pD 4.4, 4.9 and 5.4 obtained 

from 1H NMR kinetic experiments. The integral ratio I(t)/I(t0) of the isoEPB methyl signals (denoted 

as integrity of isoEPB units) were plotted against time to assess the rate constant of hydrolysis k’D2O 

and the half-life time t1/2,D2O of vinyl ether moieties in the copolymers. Half-lifes of 12 h (pD 4.4), 28 

h (pD 4.9) and 112 h (pD 5.4) for the average of isoEPB units were determined from exponential fits 

(Table 5). Here, real-time 1H NMR kinetics proved to be a powerful technique as it allows to 

distinguish between the decay of (E)- and (Z)-propenyl ethers (see Figure S-7). Individual plots for 

the two geometric isomers consistently reveal faster cleavage of (Z)-isoEPB units (blue) and 

distinctly slower hydrolysis of (E)-isoEPB (red). (See Figure 12 C) This observation is reflected in the 

t1/2,D2O values of isoEPB units listed in Table 5, showing prolonged half-lifes for the (E)-isoEPB 

residues.  

For comparative purposes, we investigated the hydrolysis kinetics of P(isoEPB3-co-EG64) (Mn 3.2 

kDa) at pD 4.4 as the lowest molecular weight polymer used in this study (see Figure S-10). Clearly, 

rates of hydrolysis are slower compared to P(isoEPB5-co-EG143) (Mn 6.9 kDa), however the values 

are on the same order of magnitude. Given that the amount of EPB and the (Z)/(E)-isoEPB ratio was 

approximately constant for the two copolymers, as shown in  

Table 4, these discrepancies might be ascribed to the increased hydrophilicity of the higher 

molecular weight polymer, creating a more polar environment in the proximity of vinyl residues 

that promotes faster hydrolysis. Accelerated cleavage of (Z)-isoEPB compared to the (E)-isoEPB was 

reconfirmed in this measurement (see Figure S-11). 
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Table 5: Results of hydrolysis studies on P(isoEPB5-co-EG143) and P(isoEPB3-co-EG64) via NMR kinetics. 

Sample pD k’D2O  k’D2O (E) k’D2O (Z) t1/2,D2O  t1/2,D2O (E) t1/2,D2O (Z) 

P(isoEPB5-
co-EG143) 

4.4 1.64*10-5 1.35*10-5 2.10*10-5 11.7 14.3 9.2 

P(isoEPB5-
co-EG143) 

4.9 6.72*10-6 5.52*10-6 9.13*10-6 27.7 33.7 20.4 

P(isoEPB5-
co-EG143) 

5.4 2.16*10-6 1.70*10-6 3.18*10-6 112.0 144.1 79.0 

P(isoEPB3-
co-EG64) 

4.4 1.19*10-5 9.67*10-6 1.49*10-5 16.1 19.9 12.9 
 

k’D2O , k’D2O (E), k’D2O (Z) / s-1: rate constants of hydrolysis for overall isoEPB units, and for the individual (E)-/(Z)-

isomers calculated from exponential fits; t1/2,D2O, t1/2,D2O (E), t1/2,D2O (Z) / h: half-lifes of the overall isoEPB units, 

and the (E)-/(Z)-isomers. 

These findings are in accordance with literature reports on the rate constants of hydrolysis for cis- 

and trans-propenyl ethers obtained from UV-Vis spectroscopy.[40,41] One may envisage that control 

of the relative contents of the two hydrolyzable isomers would grant access to tailorable hydrolysis 

profiles of the PEG corona in biomedical formulations, e.g. for polymer-drug conjugates or stealth 

liposomes. Due to the kinetic deuterium isotope effect, these values are expected to differ to a 

certain extent from the rates of hydrolysis in H2O. Depending on the substitution pattern of the 

vinyl ether, kinetic deuterium isotope effects kH/kD of 1.7 to 4.2 at 25 °C have been reported,[41] 

suggesting faster hydrolysis of isoEPB units in aqueous medium compared to deuterium oxide.  

Finally, we also investigated the degradation products of P(isoEPB-co-EG) copolymers after 

complete hydrolysis. To this end, aliquots of the polymers were treated with diluted hydrochloric 

acid (pH = 1) for 24 h to assure full hydrolysis of all cleavable vinyl ether linkages. Subsequently the 

hydrolysis fragments were analyzed by SEC.  
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Figure 13: Overview of hydrolysis studies showing typical SEC traces of polymer samples before isomerization 

(black), after isomerization (red) and after acidic hydrolysis (blue) using DMF as eluent and RI detection. 

Molecular weights Mn and dispersities Ð were determined via SEC (PEG calibration).  

Figure 13 contains the SEC traces of the polymer samples before isomerization, after isomerization, 

and after acidic hydrolysis. Clearly, molecular weight distributions remained unaffected by the 

treatment with Wilkinson’s catalyst in the isomerization step. As expected, significant shifts to 

lower molecular weights were observed after hydrolysis, accompanied by a broadening of the 

molecular weight distribution with moderate dispersities Ð in a range of 1.6 to 1.8. Interestingly, 

the hydrolyzed copolymers concordantly exhibited average molecular weights Mn of ~ 1000 g mol-

1 determined with PEG standards for SEC calibration. As the content of EPB was constant (~ 4 mol%) 
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for all polymers, these results suggest a rather random distribution of EPB units along the backbone. 

The average molecular weights of hydrolysis products is therefore likely to be adjustable by the 

relative amount of EPB incorporated. With respect to a potential application in biomedicine, these 

findings are highly relevant as the size of degradation products is expected to affect rates of 

glomerular filtration and excretion from the body. This perspective may encourage the further 

development of P(EPB-co-EG) copolymers with molecular weights exceeding the renal filtration 

limit of ~ 40 kDA and low contents of EPB (< 4 mol %) to allow for exceptionally long-circulating 

PEG-drug conjugates that can be partially hydrolyzed to prevent accumulation in human tissue. 

Future experiments will focus on properties of polymer drug conjugates and their in vivo 

performance. 

Conclusion  

 

In this work, we introduce a simple strategy to circumvent the non-degradability of polyethylene 

glycol (PEG) by copolymerization of ethylene oxide with a minor amount of 3,4-epoxy-1-butene 

(EPB) and subsequent isomerization of EPB’s allylic moieties to pH-degradable vinyl ether residues. 

Anionic ring-opening polymerization (AROP) was employed to access P(EPB-co-EG) copolymers with 

molecular weights Mn in a range of 3200 to 10000 g mol-1 and narrow molecular weight distributions 

(Ð = 1.05 - 1.11). The structures were characterized by 1H NMR, 13C NMR spectroscopy and SEC 

revealing constant amounts of EPB (~ 4 mol%) for all copolymers. Isomerization of allyl moieties to 

propenyl ether groups (isoEPB) was achieved in the presence of Wilkinson’s catalyst generating 

mixtures of (E)- and (Z)-isomers of the in-chain vinyl ether structures. Real-time 1H NMR kinetic 

studies were performed in buffered deuterium oxide to monitor hydrolysis profiles of pH-sensitive 

isoEPB units. This technique served to elucidate crucial discrepancies in the hydrolysis rates of the 

two geometric isomers and displayed faster degradation of (Z)-isoEPB units. SEC analysis of the 

degradation products after complete hydrolysis of vinyl ether linkages consistently showed average 
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molecular weights Mn of 1000 g mol-1 and moderate dispersities (Ð = 1.6 – 1.8). The copolymers can 

further be readily derivatized at the chain end by conversion of the terminal hydroxyl group to 

facilitate the attachment of bioactive molecules for e.g. protein therapeutics. The novel P(EPB-co-

EG) copolymers combine various desirable properties for biomedical application, such as well-

defined structures, good control over the molecular weight of the degradation products and the 

possibility to conjugate drugs. By controlling the amounts of (E)- and (Z)-isoEPB formed in the 

isomerization step, precise tailoring of hydrolysis kinetics could be realized to match the specific 

requirements of biomedicine. These features render the new class of pH-degradable polyethers a 

potent candidate for PEG-analogous applications e.g. for PEGylation resulting in exceptionally long-

circulating drug-conjugates that slowly hydrolyze in physiological environment, avoiding storage 

diseases.  
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Experimentals 

Materials and Methods 

All chemicals were obtained from Sigma Aldrich, TCI Europe, or Acros Organics unless stated 

otherwise. Deuterated solvents (DMSO-d6, D2O) were purchased from Deutero GmbH. 3,4-Epoxy-

1-butene (EPB) was obtained from abcr GmbH and was dried over CaH2, and freshly distilled prior 

to use. Ethylene oxide was purchased from Sigma Aldrich. THF used for the anionic ring-opening 

polymerization (AROP) was dried and stored over sodium/benzophenone. A fresh and sealed bottle 

of dry DMSO purchased from Acros Organics stored over molecular sieve was used for each AROP. 

DMSO (purity (GC) > 99.98%) was obtained from Fischer Scientific and utilized for the isomerization 

step. Care must be taken when handle the flammable, toxic, and gaseous ethylene oxide. 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 296 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 296 K, if not stated otherwise. 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. Polydispersity indices (Ð = Mw/Mn) were determined with 

monodisperse linear PEG standards from Polymer Standard Service GmbH (PSS). 
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Handling of Ethylene Oxide (EO): EO must be stored in pressure-proof gas bottles and used only in 

an appropriate fume hood under respective safety precautions. Polymerizations of EO are carried 

out in flame-dried glassware, allowing secure handled by using cryo-transfer techniques to 

transport EO inside the evacuated and sealed glass apparatus. Batch-sizes must not exceed 5 g of 

EO in a 250 mL flask to prevent spontaneous detachment of the septum and evolution of EO.  

Synthesis Procedures 

 

Polymerization – P(EPB3-co-EG64): Sodium hydride (9.4 mg, 0.39 mmol) was transferred into a dry 

Schlenk flask and a solution of N,N-dibenzylethanolamine (100 mg, 0.414 mmol) in benzene (6 mL) 

was added. The solution was stirred under slightly reduced pressure at 60 °C for 30 min keeping the 

stopcock closed. Moisture was removed by azeotropic distillation of benzene and subsequent 

drying at 60 °C in high vacuum for 16 h. After cooling to RT, dry THF (3 mL) was cryo-transferred 

into the Schlenk flask to dissolve the initiator. A solution of EPB (0.10 mL, 1.24 mmol, EPB was 

stirred over CaH2 for 30 min and freshly distilled prior to use) in dry DMSO (6 mL) was injected into 

the Schlenk flask via syringe at –80 °C. Ethylene oxide (1.32 mL, 26.5 mmol) was cryo-transferred 

via a graduated ampule and the polymerization was proceeded at RT for 3 d and was subsequently 

quenched with methanol (2 mL). After dialysis against methanol for 24 h (MWCO 500 DA), the 

polymer was dried in vacuo. (Yield: 80 %) 1H NMR (400 MHz, DMSO-d6): δ [ppm] 7.39–7.19 (m, 10H, 

HAR), 5.71 (ddd, 2H, 3JAB = 17.2 Hz, 3JAB = 10.5 Hz, 3JAB = 6.7 Hz, -CH=CH2), 5.29 (ddd, 2H, 3JAB = 17.2 Hz, 

3JAB = 2.1Hz, 3JAB = 1.1 Hz, -CH=HHtrans), 5.20 (ddd, 2H, 3JAB = 10.5 Hz, 3JAB = 2.1 Hz, 3JAB = 1.1 Hz, -

CH=HHcis), 4.76 (q, 1H, J = 6.7 Hz, C=CH-CH3 (E isomer)), 4.57 (bs, 1H, OH), 3.96–3.86 (m, 6H, CHO-

CH=CH2, OCH2-C=CH-CH3 and CH2O-C=CH-CH3), 3.71–3.35 (m, 264H, CH2O and CAR-CH2N), 2.55 (t, 

2H, J = 6.1 Hz, NCH2-CH2O), 1.52 (d, 3H, J = 6.7 Hz, C=CH-CH3 (E isomer)). 13C NMR (100.6 MHz, 

DMSO-d6): δ [ppm] 150.62 (1C, OCH2-C=CH-CH3 (E isomer)), 139.52 (1C, CAR-CH2-N), 136.28 (1C, 

CH2=CH-CHO), 128.45 - 126.78 (3C, CAR), 117.46 (1C, CH=CH2), 106.35 (1C, C=CH-CH3 (E isomer)), 
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79.53 (CH-CH=CH2), 73.21-67.29 (131C, CH2O), 60.21 (1C, NCH2-CH2O), 57.99 (1C, CAR-CH2-N), 52.09 

(1C, NCH2-CH2O), 9.95 (1C, C=CH-CH3 (E isomer)). 

Isomerization - P(isoEPB3-co-EG64):  In a Schlenk tube, P(EPB3-co-EG64) (200 mg, 0.063 mmol) was 

dissolved in DMSO and subjected to two freeze-pump-thaw cycles. Under argon atmosphere, 

RhICl(PPh3)3 (10 mg, 0.011 mmol) was added and the solution was thoroughly degassed via two 

additional freeze-pump-thaw cycles. The light orange solution was stirred at 80 °C for 1d and was 

twice precipitated in acetone/diethyl ether (1:1). The pure polymer was obtained after drying in 

vacuum. (Yield: 94 %) 1H NMR (400 MHz, DMSO-d6): δ [ppm] 7.39–7.19 (m, 10H, HAR), 4.76 (q, 2H, J 

= 6.7 Hz, C=CH-CH3 (E isomer)), 4.64 (q, 1H, J = 7.0 Hz, C=CH-CH3 (Z isomer)), 4.56 (t, 1H, OH), 3.96–

3.86 (m, 12H, OCH2-C=CH-CH3 and CH2O-C=CH-CH3), 3.71–3.35 (m, 256H, CH2O and CAR-CH2N), 2.55 

(t, 2H, J = 6.1 Hz, NCH2-CH2O), 1.60 (d, 3H, J = 6.7 Hz, C=CH-CH3 (Z isomer)), 1.52 (d, 6H, J = 6.7 Hz, 

C=CH-CH3 (E isomer)). 13C NMR (100.6 MHz, DMSO-d6): δ [ppm] 152.84 (1C, OCH2-C=CH-CH3 (Z 

isomer)), 151.07 (1C, OCH2-C=CH-CH3 (E isomer)), 139.97 (1C, CAR-CH2-N), 128.45 - 127.23 (3C, CAR), 

106.80 (1C, C=CH-CH3 (E isomer)), 96.59 (1C, C=CH-CH3 (Z isomer)), 72.81-67.34 (131C, CH2O), 60.66 

(1C, NCH2-CH2O), 58.44 (2C, CAR-CH2-N), 52.55 (1C, NCH2-CH2O), 11.81 (1C, C=CH-CH3 (Z isomer)) 

10.39 (1C, C=CH-CH3 (E isomer)). 

1H NMR Kinetics 

Deuterated phosphate/citrate phosphate buffer solutions were produced by mixing of two stock 

solutions and adjusting of the pH with a pH electrode. Stock solutions of citric acid (100 mmol L-1) 

and K2HPO4 (100 mmol L-1) in deuterium oxide were used for the citrate phosphate buffer at pD 4.4, 

4.9 and 5.4. The respective pD values were obtained via the equation pD = pH + 0.4.[1]  

For in-situ 1H NMR degradation kinetics at pD 4.4, 20 mg of the P(isoEPB-co-EG) copolymer 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) 
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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, and at 10-minute intervals within the next 5 hours due to a decrease 

in the reaction rate. The kinetic analysis was stopped after 24 h. For kinetic studies at pD 4.9 and 

5.4, 20 mg of the respective polymer were dissolved in 0.7 mL of deuterated buffer and were 

transferred into a NMR tube immediately after dissolving. The NMR tube was placed in an oil bath 

at 37 °C and NMR spectra were recorded manually after selected periods of time, immediately 

returning the sample into the oil bath after each measurement. 

 

SEC Hydrolysis Studies 

Aliquots (8 mg) of the P(isoEPB-co-EG) copolymers were dissolved in a solution (cHCl = 0.1 mol L-1) of 

hydrochloric acid (0.041 mL HClconc) in MeOH:H2O (4:1, 5 mL) and stirred for 24 h under exposure 

to air. The solvent was evaporated in high vacuo and the residue was analyzed by size exclusion 

chromatography (SEC) using DMF as eluent and RI detection.  
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Synthesis and Characterization 

 

 

Scheme S-1: Fragmentation reaction of P(EPB-co-EG) copolymers via β-elimination in the presence 

of potassium or cesium alkoxides. 

 

 

 

Figure S-16: 13C NMR spectrum of P(EPB5-co-EG143) before isomerization measured in DMSO-d6 at 

100 MHz. 
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Figure S-17: H,C-HSQC NMR of P(EPB5-co-EG143) measured in DMSO-d6. Methyl and methine groups 

appear as red correlation peaks, whereas blue correlation peaks correspond to the methylene 

groups in the polymer.  

 

Figure S- 18: 13C NMR spectrum of P(isoEPB5-co-EG143) after isomerization measured in DMSO-d6 at 

100 MHz. 
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Figure S-19: H,H-COSY NMR of P(isoEPB5-co-EG143) measured in DMSO-d6. 

 

Figure S-20: H,C-HSQC NMR of P(isoEPB5-co-EG143) measured in DMSO-d6. Methyl and methine 

groups appear as red correlation peaks, whereas blue correlation peaks correspond to the 

methylene groups in the polymer. 
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Figure S-21: H,C-HMBC NMR of P(isoEPB5-co-EG143) measured in DMSO-d6.  

 

Figure S-22: Close-up of propenyl methyl resonances in the spectra obtained from 1H NMR kinetics 

of P(isoEPB5-co-EG143) at pD 4.4, showing distinguishable proton signals for (E)- and (Z)-isomers of 

isoEPB that could be used to calculate individual rate constants of hydrolysis.  
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Figure S-23: 1H NMR Kinetic studies of P(isoEPB5-co-EG143) in deuterated citrate/phosphate buffer 

at pD 4.9 incubated at 37 °C and spectra were recorded within a time period of 116 h. 
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Figure S-24: 1H NMR Kinetic studies of P(isoEPB5-co-EG143) in deuterated citrate/phosphate buffer 

at pD 5.4 incubated at 37 °C and spectra were recorded within a time period of 290 h. 
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Figure S-25: Comparison of average hydrolysis profiles for P(isoEPB5-co-EG143) and P(isoEPB3-co-

EG64) measured at pD 4.4 in D2O determined by 1H NMR kinetics.  

 

Figure S-26: Results of 1H NMR Kinetics of P(isoEPB3-co-EG64) in buffered D2O at pD 4.4 showing the 

integrity of isoEPB units plotted against time. The hydrolysis profiles of (Z)- (black), (E)- (red) 

geometric isomers and the average isoEPB units (blue) are presented in separate plots. 
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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 intracellular drug release can be hampered. Here we introduce a 

novel class of pH-sensitive PEG-lipids containing ketals and acetals as cleavage linkages to facilitate 

shedding of the PEG shell inside the tumor tissue or in a cellular compartment. Acetals and ketals 

are highly versatile, as their hydrolysis kinetics can be adjusted by the respective substitution 

pattern. A prototype one-step synthesis towards ketals is introduced to conveniently incorporate 

asymmetric ketals into PEG-based block structures. Acetal- and ketal-functional bishexadecyl 

glycerol derivatives were used as initiators for the anionic ring-opening polymerization (AROP) of 

ethylene oxide to access well-defined PEG-lipids (Ð = 1.04 - 1.08) with tunable molecular weights 

of PEG (Mn = 2000 - 3500 g mol-1). Online 1H NMR kinetics served to evaluate susceptibility of these 

lipids towards acidic hydrolysis. Cell viability of liposomes containing the novel PEG-lipids was 

confirmed via MTT assays and post-modification of the lipids at the liposomal surface was 

demonstrated using copper(I)-catalyzed alkyne-azide click chemistry to attach fluorescent labels. 

Fluorescence spectroscopy experiments and agarose gel electrophoresis (PAGE) assays were 

employed to monitor pH-triggered shedding of liposomes, revealing highly promising cleavage 
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profiles for the ketal-functional lipids (t1/2 ~ 4h, pH 6.4). The findings demonstrate the potential of 

functionalizable, pH-sensitive lipids for pH-triggered drug release strategies from liposomal carriers. 

Keywords 

liposomes, poly(ethylene glycol), PEG, lipids, pH-cleavable, ketals 
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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 domains 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 
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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.[18–20] 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,[21–23] 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.  

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.[31,32] Generally, acetals are hydrolyzed several orders of magnitude slower than 

respective ketals.[33] 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.[34–39] 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 
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purposes. The design of lipids that combine well-defined 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.[40] 

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 the fluorescent-labeled PEG-lipids 

have been monitored by fluorescence spectroscopy and gel electrophoresis, revealing promising 

cleavage profiles for the ketal-functional lipid species.  
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Scheme 8. Synthesis of bishexadecyl glycerol-based lipids. 

Experimental Section 

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),[41] and 2-Acetoxyethoxy vinyl ether (7)[42] 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.  
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Methods 

Characterization. 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). 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. 

Liposome preparation was conducted via dual centrifugation (DC) according to a method 

previously described.[43] 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. 
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Liposome functionalization was carried out according to a previously established protocol.[44] For 

copper-catalyzed azide alkyne cycloaddition, the following reactants were added in the 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 
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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 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.[45] 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 
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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 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.[46]  

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 procedures  

3-Benzyl-1,2-bishexadecylglycerol 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 
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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-Bishexadecylglycerol 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 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. 

[41] Storage under argon atmosphere at 8 °C was essential to prevent decomposition.   

2-(2-Hydroxyethoxy)-2-(1,2-bishexadecylglyceryloxy)-propane 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 2-[2-[(trimethylsilyl)oxy]ethoxy]propene 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] 
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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-(1,2-bishexadecylglyceryl)-oxypropan-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 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, 
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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 3h 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).  

2-Acetoxyethoxy vinyl ether 7. This compound was synthesized according to prescriptions described 

in the literature.[42] 

1-(2-Hydroxy ethoxy)-1-(2,3-bishexadecylglyceryloxy) ethane 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, 
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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).  

1-(2-Hydroxy ethoxy)-1-(2,3-bishexadecylglyceryloxy) ethane 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 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-(1-(2,3-bishexadecylpropoxy)-1-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 
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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). 

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). 
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Results and Discussion 

A. 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.[40] 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.[47] 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 8. 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,[48] 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.  

The first approach shown in Scheme 8 (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.[41] 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 Figure S-1 and S-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 S-3, S-4).  
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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 8). 

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. Figure S-7 

contains the 1H 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 Figure S-6 and S-7). This second approach builds upon a 

synthetic route previously reported by our group for other acetal-containing polymers.[49–51] Herein, 

we extended the scope of the concept to dialkyl-based lipids. 
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B. 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 6: Molecular Characteristics of BisHD-K-PEG and BisHD-A-PEG Lipids Prepared 

 Mn,NMR/g mol-1 Mn,SEC/g mol-1 ÐSEC 

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 

Mn,NMR: molecular weights of the lipids calculated from 1H NMR spectroscopy via end group analysis; Mn,SEC: 

molecular weights of the lipids determined from SEC analysis using PEG standards. ÐSEC = Mw/Mn (dispersity). 

Table 6 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 14 shows the 
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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.  

                

Figure 14. SEC traces (RI detector signal/eluent: DMF) of BisHD-K-PEGs and BisHD-A-PEGs with varying 

degrees of polymerization.  

As an example, the 1H NMR spectrum of BisHD-K-PEG37 is given in Figure 15. 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, Figure S-3, S-4).  

 

Figure 15. 1H NMR spectrum of BisHD-K-PEG37 measured in C6D6 at 400 MHz. 



 
 

153 
 
 

  4.1 Ketal- and Acetal-functional PEG-Lipids for pH-Sheddable Liposomes 

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 16 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 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 16. Inverse gated 13C NMR spectrum of BisHD-K-PEG37 measured in C6D6 at 100 MHz. 
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Figure 17 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 17. 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 6). As an example, Figure 18 shows the 
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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.  

 

Figure 18: 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 Figure S-9). 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 
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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 8). The molecular characteristics of 

this polymer are given in Table 6. 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. 

C. 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.[51] 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 19, 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 19) To assess the respective half-life t1/2-D2O of the lipid according to pseudo-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 19) Table 7 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. 
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Figure 19: 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. 

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 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-
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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.[52]  

 

Figure 20: 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. 

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 at pD 3.4. A selection of 

the spectra is presented in Figure 20, indicating the formation of acetaldehyde and acetaldehyde 

hydrate as hydrolysis products. Due to an overlap of the acetal proton signals with the NMR solvent 
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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.  

Table 7: Results of 1H NMR hydrolysis studies for BisHD-K-PEG68. 

BisHD-K-PEG68 t1/2-D2O / h 

pD 5.4 0.67 ± 0.01 

pD 6.4 4.68 ± 0.08 

BisHD-A-PEG68 t1/2-D2O  

pD 3.4 10.98 ± 0.34 

t1/2-D2O : half-life of the lipid in buffered D2O at a given pD value. 

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 us to take a 

closer look at the behavior of the pH-sensitive lipids in liposomal formulations via alternative 

techniques. 

D. 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,[53] 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 
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PEG-lipids. Cell viability of liposomes containing alkyne-functional lipids was evaluated via MTT 

assays, revealing high cellular compatibility comparable to conventional liposomes (CL) and 

sterically stabilized liposomes (SSL, DSPE-mPEG2000).  

 

Figure 21: 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.[44] In case of FS analysis, fluorescently labeled 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 22 B illustrates the results of time-dependent FS analysis for 

dye-labeled 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 22: A: Schematic post-preparational dye-labelling of liposomes and subsequent pH-triggered shedding 

B: Fluorescence spectroscopy analysis of pH-dependent shedding for dye-labeled 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 22 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 S-12). The incline of 

fluorescence intensities can be associated with the cleavage of acetal moieties and consequently 
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the detachment of dye-labeled PEGs from the liposomes. 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 8) At pH 4.4, a slow 

gradual increase was observed, albeit unsuitable for quantitative analysis.  

Table 8: Half-lifes 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-labeled 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 22 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 22 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 
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cleavage rates were observed at lower pH values. Half-lifes t1/2 were determined from an 

exponential fit ranging from 1 h (pH 2.4) to 21 h (pH 5.4). (See Table 8) 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 23) 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 8. 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 23 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 23: A: Fluorimetric analysis of liposome disintegration at 37 °C for dye-labeled 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-labeled 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 7 and Table 8). 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.[28] 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.[54] 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 simultaneous polymer/carrier trafficking. The 

in vivo behavior of the PSLs discussed in this study is under current investigation.  
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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.[40] 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 
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reduce accelerated blood clearance (ABC phenomenon). These results demonstrate the 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. 

Acknowledgements 

The authors thank Dr. J. Liermann for customized NMR measurements, Dr. E. Berger-Nicoletti for 

MALDI-ToF mass spectrometry, and Monika Schmelzer for technical support. Furthermore, we 

thank Hannah Pohlit for scientific input and Tobias Bauer for technical assistance. M.W. and T.F. 

are grateful for a fellowship by the Max Planck Graduate Center (MPGC). D.L. acknowledges a 

fellowship through the Excellence Initiative (DFG/GSC 266) in the context of MAINZ “Materials 

Science in Mainz”. The Rotanta 400 DC prototype was kindly provided by Andreas Hettich GmbH, 

Tuttlingen, Germany. This work was supported by funding of the DFG research center SFB 1066, 

project grant A7.  



 
 

167 
 
 

  4.1 Ketal- and Acetal-functional PEG-Lipids for pH-Sheddable Liposomes 

References 

 
[1] Gil, E. S.; Hudson, S. M. Prog. Polym. Sci., 2004, 29, 1173–1222. 

[2] Guragain, S.; Bastakoti, B. P.; Malgras, V.; Nakashima, K.; Yamauchi, Y. Chem. Eur. J., 2015, 

21, 13164–13174. 

[3] Vancoillie, G.; Frank, D.; Hoogenboom, R. Prog. Polym. Sci., 2014, 39, 1074–1095. 

[4] Moon, H. J.; Du Ko, Y.; Park, M. H.; Joo, M. K.; Jeong, B. Chem. Soc. Rev., 2012, 41, 4860–

4883. 

[5] Schattling, P.; Jochum, F. D.; Theato, P. Polym. Chem., 2014, 5, 25–36. 

[6] Gohy, J.-F.; Zhao, Y. Chem. Soc. Rev., 2013, 42, 7117–7129. 

[7] Wei, H.; Zhuo, R.-X.; Zhang, X.-Z. Prog. Polym. Sci., 2013, 38, 503–535. 

[8] Asokan, A.; Cho, M. J. J. Pharm. Sci., 2002, 91, 903–913. 

[9] Gerweck, L. E.; Vijayappa, S.; Kozin, S. AACR, 2006, 5, 1275–1279. 

[10] Patel, N. R.; Pattni, B. S.; Abouzeid, A. H.; Torchilin, V. P. Adv. Drug Delivery Rev., 2013, 65, 

1748–1762. 

[11] Pasut, G.; Veronese, F. M. Prog. Polym. Sci., 2007, 32, 933–961. 

[12] Herzberger, J.; Niederer, K.; Pohlit, H.; Seiwert, J.; Worm, M.; Wurm, F. R.; Frey, H. Chem. 

Rev., 2015, 116, 2170–2243. 

[13] Hatakeyama, H.; Akita, H.; Harashima, H. Adv. Drug Delivery Rev., 2011, 63, 152–160. 

[14] Dingels, C.; Frey, H. Adv. Polym. Sci., 2013, 262, 167-190. 

[15] Dufort, S.; Sancey, L.; Coll, J.-L. Adv. Drug Delivery Rev., 2012, 64, 179–189. 

[16] Legendre, J.-Y.; Szoka Jr, Francis C. Pharm. Res., 1992, 9, 1235–1242. 

[17] Ishiwata, H.; Sato, S. B.; Vertut-Doı,̈ A.; Hamashima, Y.; Miyajima, K. BBA-Mol. Cell Res., 

1997, 1359, 123–135. 

[18] Dams, Els T. M.; Laverman, P.; Oyen, Wim J. G.; Storm, G.; Scherphof, G. L.; van der Meer, 

Jos W. M.; Corstens, Frans H. M.; Boerman, O. C. J. Pharm. Exp. Ther., 2000, 292, 1071–1079. 



   
 

168 

 
 

 4 pH-Sensitive PEG-Lipids for Liposomal Applications 

[19] Laverman, P.; Carstens, M. G.; Boerman, O. C.; Th. M. Dams, Els; Oyen, Wim J. G.; van 

Rooijen, N.; Corstens, Frans H. M.; Storm, G. J. Pharm. Exp. Ther., 2001, 298, 607–612. 

[20] Abu Lila, Amr S.; Kiwada, H.; Ishida, T. J. Control. Release, 2013, 172, 38–47. 

[21] Chen, D.; Liu, W.; Shen, Y.; Mu, H.; Zhang, Y.; Liang, R.; Wang, A.; Sun, K.; Fu, F. J. 

Nanomed., 2011, 6, 2053–2061. 

[22] Daquan Chen; Xiaoqun Jiang; Yanyu Huang; Can Zhang; Qineng Ping J. Bioact. Compat. 

Polym., 2010, 25, 527–542. 

[23] Zhang, L.; Wang, Y.; Yang, Y.; Liu, Y.; Ruan, S.; Zhang, Q.; Tai, X.; Chen, J.; Xia, T.; Qiu, Y.; 

Gao, H.; He, Q. ACS Appl. Mater. Interfaces, 2015, 7, 9691–9701. 

[24] Guo, X.; Szoka, F. C. J., Bioconjugate Chem., 2001, 12, 291-300. 

[25] Li, W.; Huang, Z.; MacKay, J. A.; Grube, S.; Szoka, F. C. J. Gene Med., 2005, 7, 67–79. 

[26] Masson, C.; Garinot, M.; Mignet, N.; Wetzer, B.; Mailhe, P.; Scherman, D.; Bessodes, M. J. 

Control. Release, 2004, 99, 423–434. 

[27] Wong, J. B.; Grosse, S.; Tabor, A. B.; Hart, S. L.; Hailes, H. C. Mol. Biosyst., 2008, 4, 532–

541. 

[28] Shin, J.; Shum, P.; Thompson, D. H. J. Control. Release, 2003, 91, 187–200. 

[29] Shin, J.; Shum, P.; Grey, J.; Fujiwara, S.-i.; Malhotra, G. S.; González-Bonet, A.; Hyun, S.-H.; 

Moase, E.; Allen, T. M.; Thompson, D. H. Mol. Pharmaceutics, 2012, 9, 3266–3276. 

[30] Luvino, D.; Khiati, S.; Oumzil, K.; Rocchi, P.; Camplo, M.; Barthélémy, P. J. Control. Release, 

2013, 172, 954–961. 

[31] Nakamura, N.; Suzuki, K. J. Polym. Sci. Pol. Chem., 1996, 34, 3319–3328. 

[32] Nakamura, N.; Suzuki, K. J. Polym. Sci. A Polym. Chem., 1997, 35, 1719–1731. 

[33] St. Pierre, T.; Chiellini, E. J. Bioact. Compat. Polym., 1986, 1, 467–497. 

[34] Gillies, E. R.; Goodwin, A. P.; Fréchet, Jean M. J. Bioconjugate Chem., 2004, 15, 1254–

1263. 



 
 

169 
 
 

  4.1 Ketal- and Acetal-functional PEG-Lipids for pH-Sheddable Liposomes 

[35] Gillies, E. R.; Fréchet, Jean M. J. Bioconjugate Chem., 2005, 16, 361–368. 

[36] Shenoi, R. A.; Lai, Benjamin F. L.; Imran ul-haq, M.; Brooks, D. E.; Kizhakkedathu, J. N. 

Biomaterials, 2013, 34, 6068–6081. 

[37] Binauld, S.; Stenzel, M. H. Chem. Commun., 2013, 49, 2082–2102. 

[38] Chen, D.; Wang, H. J. Nanosci. Nanotechnol., 2014, 14, 983–989. 

[39] Zhang, S.; Zhao, Y. Bioconjugate Chem., 2011, 22, 523–528. 

[40] Fritz, T.; Voigt, M.; Worm, M.; Negwer, I.; Müller, S. S.; Kettenbach, K.; Ross, T. L.; Roesch, 

F.; Koynov, K.; Frey, H.; Helm, M. Chem. Eur. J., 2016, 22, 11578–11582. 

[41] Gassman, P. G.; Burns, S. J.; Pfister, K. B. J. Org. Chem., 1993, 58, 1449–1457. 

[42] Greenland, B. W.; Liu, S.; Cavalli, G.; Alpay, E.; Steinke, J. H. G. Polymer, 2010, 51, 2984–

2992. 

[43] Massing, U.; Cicko, S.; Ziroli, V. J. Control. Release, 2008, 125, 16–24. 

[44] Fritz, T.; Hirsch, M.; Richter, F. C.; Müller, S. S.; Hofmann, A. M.; Rusitzka, Kristiane A. K.; 

Markl, J.; Massing, U.; Frey, H.; Helm, M. Biomacromolecules, 2014, 15, 2440–2448. 

[45] Abràmoff, M. D.; Magalhães, P. J.; Ram, S. J. Photonics International, 2004, 11, 36–41. 

[46] Glasoe, P. K.; Long, F. A. J. Phys. Chem., 1960, 64, 188–190. 

[47] Pattni, B. S.; Chupin, V. V.; Torchilin, V. P. Chem. Rev., 2015, 115, 10938–10966. 

[48] Stauch, O.; Uhlmann, T.; Fröhlich, M.; Thomann, R.; El-Badry, M.; Kim, Y.-K.; Schubert, R. 

Biomacromolecules, 2002, 3, 324–332. 

[49] Dingels, C.; Müller, S. S.; Steinbach, T.; Tonhauser, C.; Frey, H. Biomacromolecules, 2013, 

448–459. 

[50] Worm, M.; Kang, B.; Dingels, C.; Wurm, F. R.; Frey, H. Macromol. Rapid Commun., 2016, 

37, 775–780. 

[51] Pohlit, H.; Bellinghausen, I.; Schömer, M.; Heydenreich, B.; Saloga, J.; Frey, H. 

Biomacromolecules, 2015, 16, 3103–3111. 



   
 

170 

 
 

 4 pH-Sensitive PEG-Lipids for Liposomal Applications 

[52] Kim, S.; Linker, O.; Garth, K.; Carter, K. R. Polym. Degrad. Stab., 2015, 121, 303–310. 

[53] Muller, S. S.; Fritz, T.; Gimnich, M.; Worm, M.; Helm, M.; Frey, H. Polym. Chem., 2016, 7, 

6257–6268. 

[54] Cordes, E. H., Prog. Phys. Org. Chem., 2007, 4, 1–44. 

  



 
 

171 
 
 

  4.1 Ketal- and Acetal-functional PEG-Lipids for pH-Sheddable Liposomes 

Supporting Information 

Ketal- and Acetal-Functional Dialkyl-PEG Lipids for pH-Sheddable Stealth Liposomes 
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Characterization 

 

 

 

Figure S-27. 1H NMR spectrum of the macroinitiator 4 measured in C6D6 at 400 MHz. 
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Figure S-28. 13C NMR spectrum of the macroinitiator 4 measured in C6D6 at 100 MHz. 
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Figure S-29. HSQC 2D NMR spectrum of BisHD-K-PEG measured in C6D6. 

 

Figure S-30. HMBC 2D NMR spectrum of BisHD-K-PEG measured in C6D6. 
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Figure S-31. 1H NMR Spectrum of BisHD-K-PEG40-Alkyne in C6D6 measured at 400 MHz. 
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Figure S-32: 1H NMR spectrum of BisHD-Acetal-Acetate measured in C6D6 at 400 MHz.  

 

Figure S-33. 1H NMR spectrum of the macroinitiator 8 measured in CD2Cl2 at 400 MHz. 
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Figure S-34. 13C NMR spectrum of BisHD-A-PEG46 measured in C6D6 at 100 MHz. 

 

Figure S-35. MALDI-ToF mass spectrum of BisHD-A-PEG using a KTFA/CHCA matrix recorded in 

reflectron mode.  
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Figure S-36. 1H NMR spectrum of BisHD-A-PEG46-Alkyne measured in C6D6 at 400 MHz. 

 

Figure S-37: SEC trace of BisHD-PEG62 measured in DMF using RI detection. 
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Figure S-38. Fluorescence trace of amphiphile without a cleavable group at pH 2.4. No increase in 

fluorescence was measurable.
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# Liposome preparation via dual centrifugation and characterization was carried out by M.V. 

§ Radio-labelling, liposome preparation via membrane extrusion and characterization was conducted by K.W. 

£ Dynamic light scattering experiments were performed by M. S. 

 

Unpublished results 

 

Abstract 

Polyether-lipids based on poly(ethylene glycol) (PEG) are often employed in liposomal formulations 

to improve their pharmacokinetic properties. However, due to the low number of functional 

groups, PEG-lipids provide limited possibilities for post-modification to attach other molecules such 

as target units, dyes or radioactive tracers. Hyperbranched polyglyercol (hbPG)-lipids represent 

promising multifunctional alternatives. In this study, we report a novel synthesis pathway towards 

dialky-hbPG-lipids by utilizing a linear polyglycerol precursor as a macrinitiator for the slow 

monomer addition of glycidol. Thereby, bishexadecyl glycerol hbPG-lipids with molecular weights 

in the range of 3 to 7 kg mol-1 and dispersities Ð below 1.3 were obtained. For comparative 

purposes, well-defined PEG-lipids with similar molecular weights were synthesized. The lipids were 

incorporated into liposomes via dual centrifugation to study the effect of the polyether architecture 

and the molecular weight on the size of liposomes. A control of the liposome diameters below 100 
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nm could be achieved, while retaining high encapsulation efficiencies above 50 % of a model cargo. 

Positron emission tomography (PET) imaging served to investigate the in vivo biodistribution of 18F-

radiolabeled polyether-lipids and hbPG-modified liposomes in mice. While the pure polyether-lipids 

were rapidly excreted by renal filtration, liposomes containing the hbPG-lipids exhibit blood 

circulation times of more than 1 h. These findings reveal enhanced in vivo stability of liposomes 

modified with dialkyl-based hbPG-lipids and provide evidence for a hbPG-mediated “stealth” 

behavior of liposomes.  

Introduction  

In biomedicine, liposomes constitute a prominent class of drug carrier systems routinely used in 

clinical practice. Since they are composed of natural phospholipids, liposomes display excellent 

biocompatibility profiles that discriminate them from other nanoscopic drug carriers.[1] In order to 

improve pharmacokinetic properties of liposomes, PEGylated lipids can be incorporated into the 

membrane with the polyethylene glycol (PEG) chains covering the liposomal surface. These 

sterically-stabilized liposomes or ‘stealth’ liposomes exhibit enhanced serum half-lifes and reduced 

undesired effects of the therapeutic cargo compared to the free drug rendering them particularly 

interesting for anticancer therapy.[1–3] It is a widely held view that liposomes passively accumulate 

in the tumor tissue due to the ‘enhanced permeability and retention effect’ (EPR effect).[4,5] To 

further improve the efficacy of a liposomal drug carrier, target units such as antibodies,[6] cell-

penetrating peptides,[7,8] or aptamers,[9] have been attached to the surface of liposomes to enable 

directed drug delivery (active targeting). In case of PEG-lipids, mostly, a single methoxy or hydroxyl 

end group is present at the chain end, limiting possibilities for post-modification reactions to 

conjugate functional molecules.[10] A promising strategy to overcome this limitation involves 

substitution of PEG as polyether segment by hyperbranched polyglycerol (hbPG). Aside from an 

excellent biocompatibility and water-solubility,[11] hbPG exhibits multiple hydroxyl functionalities 

that allow for ligation of e.g. targeting moieties or radioactive tracers. Recently, the synthesis of 
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hbPG-lipids has been reported by our group,[12] and increasing effort has been devoted to 

elucidating their effect on liposomal properties.[13,14] For instance, in-depth studies on the influence 

of different hydrophobic anchor moieties of the lipid revealed significantly higher membrane 

integrity of dialkyl-derived hbPG-lipids opposed to cholesterol-based lipids, the latter of which are 

more commonly used in liposomal formulations.[15] These findings are in accordance with results 

obtained from in vivo positron emission tomography (PET) imaging for 18F-radiolabeled cholesterol-

lipids in liposomes.[16] As stable anchorage of polyether-lipids in the liposomal bilayer is crucial to 

enable active targeting and to assure stability of the drug carrier in the blood stream, these findings 

suggest a more detailed study of liposomes containing multifunctional, dialkyl-anchored hbPG-

lipids. Although, recent studies suggested reduced protein adsorption and aggregation of hbPG-

modified liposomes in human blood serum,[14] no hbPG-mediated ‘stealth’ properties of liposomes 

could be demonstrated in vivo.  

Moreover, tuning the size of the liposomes in a range below 100 nm is necessary to allow for an 

effective use in tumor therapy.[17] However, the effect of the molecular weight and the polyether 

architecture, i.e. linear or hyperbranched of dialkyl-lipids on the size of liposomes has not been 

explored yet.  

In this study, we address these aspects of liposomal research by comparing the properties of dialkyl-

based PEG- and hbPG-lipids with similar molecular weights. To this end, rac-bishexadecyl glycerol 

was used as an initiator for the anionic ring-opening polymerization (AROP) of ethoxy ethyl glycidyl 

ether (EEGE) to generate a linear polyglycerol (linPG) precursor after removal of EEGE’s acetal 

protecting groups. The linPG-lipid was employed for the hypergrafting of glycidol via slow monomer 

addition to yield hbPG-lipids in a molecular weight range of 3 – 7 kDa. For comparative purposes, 

bishexadecyl glycerol PEGs of similar molecular weights were synthesized by using bishexadecyl 

glycerol as an initiator for the AROP of ethylene oxide. New strategies were explored to control the 

size of liposomes containing PEG/hbPG-lipids by dual centrifugation. As an alternative method, 
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liposomes were generated by membrane extrusion and their temperature-dependent stability was 

analyzed by dynamic light scattering (DLS). In addition, results of in vivo PET studies in mice are 

presented.  

Experimental Section 

Materials 

All chemicals were obtained from Sigma Aldrich, TCI Europe, or Acros Organics unless stated 

otherwise. Deuterated solvents (DMSO-d6, Pyridin-d5) were purchased from Deutero GmbH. 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 

 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. 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. 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. Polydispersity indices (Ð = Mw/Mn) were determined with monodisperse PEG 

standards from Polymer Standard Service GmbH (PSS). 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. 

Synthesis Procedures 

1,2-Bishexadecylglycerol (1). The synthesis has been described in previous reports.[12] 

Ethoxyethyl glycidyl ether EEGE (2). This compound has been synthesized according to known 

literature protocols.[18] 
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1,2-Bishexadecylglycerol linPG18 (3). Compound (1) (100 mg, 0.155 mmol) and cesium hydroxide 

mono hydrate (15.6 mg, 0.139 mmol) were dissolved in benzene (6 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 60 °C in high vacuum for 

16 h. Under argon atmosphere, dry dioxane (10 mL) was added via syringe and the solution was 

heated to 40 °C. EEGE (2) (1.09 mL, 7.42 mmol) was injected and the reaction mixture was stirred 

at 80 °C for 3 d. After removal of the solvent in vacuum, the resulting polymer was dissolved in a 

mixture of methanol (20 mL) and hydrochloric acid (2 mL, 2 mol L-1) and stirred for 2 d at 40°C. The 

solvent was partially removed under reduced pressure and the polymer was precipitated two times 

in cold diethyl ether. The pure polymer was obtained after drying in high vacuum. (Yield: 82 %) 1H 

NMR (400 MHz, DMSO-d6): δ [ppm] 4.85–4.20 (m, 18H, OH), 3.70–3.10 (m, 99H, 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).  

1,2-Bishexadecylglycerol hbPG95 (4). In a dry Schlenk flask, the linPG precursor (3) (600 mg, 0.321 

mmol) and cesium hydroxide mono hydrate (102 mg, 0,61 mmol) were dissolved in benzene (6 mL) 

and stirred at 60 °C for 1 h. The macroinitiator was freeze-dried in vacuo for 16 h, dissolved in dry 

NMP (0.5 mL) and heated to 100 °C. A solution of glycidol in dry NMP (6.8 mL, 5 wt%) was added 

within 8 h via a syringe pump and subsequently stirred for 2 h. After cooling to RT, the 

polymerization was terminated with methanol (0.5 mL). The crude polymer was dialyzed (MWCO 

500 Da) against methanol for 24 h and dried under vacuo. (Yield: 740 mg, 80 %) 1H NMR (400 MHz, 

Pyridin-d5): δ [ppm] 6.66–5.76 (m, , OH) 4.61–3.28 (m, 529H, CH2-O and CH2-CH-O), 1.78–1.59 (m, 

4H, CH2-CH2-O), 1.54–1.20 (m, 52H, CH2), 0.88 (t, 6H, JAB = 6.4 Hz, CH3-CH2). 13C NMR (100 MHz, 

Pyridin-d5): δ [ppm] 79.92–62.73 (285C, CH2O), 32.48 (2C, O-CH2-CH2-CH2), 31.01–29.97 (22C, CH2), 

26.96 (2C, -CH2-CH2-CH3), 23.30 (2C, CH2-CH3), 14.65 (2C, CH2-CH3). 

1,2-Bishexadecylglycerol hbPG32-Alkyne (6). Compound (4) (300 mg, 0.102 mmol) was dissolved in 

dry DMF (10 mL) under argon atmosphere. The solution was cooled to 0 °C, sodium hydride (18.0 
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mg, 0.75 mmol) was added and the mixture was stirred for 10 min. Propargyl bromide (31.7 mg, 

0.21 mmol, 80 wt% in toluene) was injected via syringe and the reaction proceeded for 20 h at RT. 

After the suspension was diluted with water (1 mL), the solvent was removed in vacuo and the final 

polymer was obtained via dialysis (MWCO 500 Da) against methanol for 5 h. (267 mg, 89 %) 1H NMR 

(400 MHz, DMSO-d6): δ [ppm] 4.98–4.37 (m, 32H, OH), 4.29–4.09 (m, 2H, OCH2-CCH), 3.80–3.04 (m, 

169H, CH2O and CH2-CH-O), 2.89 and 2.72 (s, 1H, OCH2-CCH), 1.53–1.38 (m, 4H, CH2-CH2-O), 1.35–

1.11 (m, 52H, CH2), 0.85 (t, 6H, JAB = 6.4 Hz, CH3-CH2). 

1,2-Bishexadecylglycerol PEG (5). Compound (1) (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 proceeded at 40 °C for 3h 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, 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).  

1,2-Bishexadecylgycerol PEG Alkyne (7). 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 proceeded 

at RT for 20 h. After filtration, the solution was reduced to a small volume and the polymer was 
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precipitated in cold diethyl ether. (280 mg, 92 %) 1H NMR (400 MHz, C6D6): δ [ppm] 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), 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). 

Results and Discussion 

A. Synthesis of 1,2-Bis-n-hexadecyl glycerol hbPG- and PEG-lipids 

To access dialkyl-based lipids containing hyperbranched polyglycerol (hbPG) as hydrophilic 

polyether segment, first, bishexadecyl glycerol (1) was synthesized from 1-O-benzyl glycerol via 

Williamson etherification with hexadecyl bromide and subsequent hydrogenation to remove the 

benzyl protective group. The synthesis has been described in the literature.[12]  

 

Scheme 9: Synthesis of bishexadecyl (BisHD) glycerol PEG/hbPG lipids.  
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Bishexadecyl glycerol (1) was then employed as an initiator for the anionic ring-opening 

polymerization (AROP) of ethoxyethyl glycidyl ether (EEGE) (2) using cesium hydroxide as a base to 

generate a bishexadecyl glycerol-PEEGE prepolymer. The PEEGE precursor could be converted into 

BisHD-linPG (3) by acidic hydrolysis of the acetal protecting groups. By using the linPG precursor (3) 

as a macroinitiator for the slow monomer addition (SMA) of the AB2 monomer glycidol, BisHD-hbPG 

lipids (4) could be synthesized containing a hydrophilic hyperbranched polyglycerol (hbPG) segment 

and a hydrophobic dialkyl anchor moiety (See Scheme 9, right path).  

The synthesis of hbPG-lipid based on dialkyl anchor groups has been reported in a previous work 

that employed a deprotected poly(isopropylidene glyceryl glycidyl ether) lipid (IGG) precursor as an 

initiator for the hypergrafting of glycidol.[12] In this study, we employed deprotected EEGE 

precursors as an alternative macroinitiators and aimed for a precise tailoring of the hbPG molecular 

weight in a range of 3000 to 7000 g mol-1. Thereby, we extended the scope of dialkyl-derived hbPG-

lipids to allow for a detailed investigation of their properties in liposomes. For comparative 

purposes, PEG-functional bishexadecyl glycerol-lipids (5) in the same molecular weight range were 

synthesized by utilizing bishexadecyl glycerol (1) to initiate the AROP of ethylene oxide. In this case, 

the polymerization was conducted in THF using potassium naphtalenide to deprotonate the 

initiator (See Scheme 9, left path). 

Table 9 summarizes the molecular characteristics of the polymers discussed in this study. First, a 

linPG lipid (3) was synthesized with a molecular weight of Mn = 1800 g mol-1 exhibiting a narrow 

molecular weight distribution (Ð = 1.06). 1H NMR spectroscopy proved complete removal of the 

EEGE acetal protective groups and incorporation of the lipophilic anchor (See SI Figure S-1). Average 

molecular weights were determined by 1H NMR spectroscopy via end group analysis and size 

exclusion chromatography (SEC) in DMF using PEG calibration with good agreement of the two 

values. 
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Table 9: Molecular characteristics of hyperbranched and linear bishexadecyl glycerol lipids.  

Sample Mn (NMR) / g mol-1 Mn (SEC) / g mol-1 Ð  

BisHD-linPG19 1950 1800 1.06 

BisHD-hbPG32 2910 2200 1.21 

BisHD-hbPG66 5420 2600 1.29 

BisHD-hbPG96 7640 2900 1.30 

BisHD-linPG24 2320 2300 1.17 

BisHD-hbPG77 6240 4300 1.27 

BisHD-PEG62 3290 2200 1.05 

BisHD-PEG112 5470 4900 1.08 

BisHD-PEG160 7560 6400 1.08 

Mn (NMR): Molecular weights of polymers calculated from 1H NMR via end group analysis. Mn (SEC): 

Molecular weights of polymers obtained from SEC using PEG standards for calibration. Ð = Mw/Mn: Molecular 

weight distribution determined from SEC using PEG standards. 

Figure 24 includes SEC traces of the PEEGE- (black trace) and the linPG polymer (red trace) revealing 

narrow, monomodal molecular weight distributions and a significant shift to higher elution volume 

upon acidic hydrolysis of the acetals. The structure of BisHD-linPG19 was further verified by MALDI-

ToF mass spectrometry showing the polymer as potassium and cesium species (See SI Figure S-2).  

Subsequently, BisHD-linPG19 was used for the hypergrafting of glycidol to generate three hbPG-

functional lipids with molecular weights of about 3000, 5000 and 7000 g mol-1 as calculated from 

1H NMR spectroscopy (See Table 9). Molecular weight distributions are monomodal with moderate 

dispersities Ð below 1.3 showing minor shifts to lower elution volume with increasing molar masses. 

Clearly, deviation of molecular weights obtained from SEC and 1H NMR is more pronounced for 

higher degrees of polymerization. This observation can be explained by the rather globular 

structure of hbPGs.[19] Therefore, the hydrodynamic volume only slightly increases with higher 

molecular weights of BisHD-hbPG resulting in similar elution volumes of the three polymers in SEC 

(See Figure 24). 
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Figure 24: SEC traces of BisHD-PEEGE19, BisHD-linPG19, BisHD-hbPGs using DMF as eluent and RI detection.  

As an example, Figure 25 contains the 1H NMR spectrum of BisHD-hbPG96 showing the characteristic 

resonances of the lipophilic anchor in the aliphatic region of 0.8 – 1.7 ppm. The proton signals of 

the initiator are clearly separated from the polyether backbone (δ = 3.1 – 3.7 ppm) and the multiple 

hydroxyl groups (δ = 4.3 – 4.7 ppm).  

 

Figure 25: 1H NMR spectrum of BisHD-hbPG95 measured in pyridine-d5 at 400 MHz. 

By comparing the integrals of the backbone resonances and the hydroxyl groups with the methyl 

proton signals of the dialkyl chains (δ = 0.91 ppm), molecular weights could be calculated.  
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13C NMR provided additional evidence for the purity of the lipids and served to verify their structure 

(See Figure 26). It is worth noting that NMR measurements were performed in deuterated pyridine 

to assure well-resolved signals for the hydrophilic polyether segment as well as the hydrophobic 

anchor group and to avoid an overlap of the water residual peak with the polyether backbone as 

observed for spectra measured in DMSO-d5 leading to an inaccurate determination of molecular 

weights.  

Following the above-described procedure, a BisHD-linPG24 macroinitiator was synthesized and used 

to generate a BisHD-hbPG77-lipid with a molecular weight of around 6000 g mol-1  and monomodal 

molecular weight distributions (Ð = 1.27) filling the molecular weight gap between BisHD-hbPG66 

(Mn ~ 5000 g mol-1)and BisHD-hbPG96 (Mn ~ 7000 g mol-1) as given in Table 9. (SEC traces of the 

BisHD-linPG24 included in the SI Figure S-3)  

 

Figure 26: 13C NMR spectrum of BisHD-hbPG95 measured in pyridine-d5 at 100 MHz. 

In order to enable structure-property correlation between dialkyl-based hbPG- and PEG-lipids in 

liposomal formulations, BisHD-PEGs with molecular weights in the range of 3300 to 7600 g mol-1 
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comparable to the BisHD-hbPG lipids (see Table 9) were prepared. Molecular weights from SEC are 

consistently underestimated compared to values calculated from 1H NMR spectroscopy via end 

group analysis.  

 

Figure 27: SEC traces of BisHD-PEGs using DMF as eluent and RI detection. 

These discrepancies can be attributed to difference in the hydrodynamic volume of the PEG-lipids 

and the PEG standards used for SEC calibration. Narrow, monomodal molecular weight 

distributions (Ð < 1.1) were found for the three polymers with consistent shifts to lower elution 

volume for higher molecular weight polymers as shown in Figure 27.  

 

Figure 28: 1H NMR spectrum of BisHD-PEG160 measured in C6D6 at 400 MHz. 
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A typical 1H NMR spectrum of BisHD-PEG lipids is presented in Figure 28 for BisHD-PEG160. 

Molecular weights were determined by comparing the integrals of the methyl initiator signals (0.91 

ppm) with the backbone resonances (δ = 3.25  ̶3.80 ppm) of PEG. 

B. Alkyne-Functionalization of Lipids 
 

In order to enable attachment of functional molecules to the polyether end groups via copper(I)-

catalyzed azide alkyne cycloaddition click chemistry (CuAAC), alkyne moieties were introduced. To 

this end, PEG- and hbPG-lipids were functionalized by conversion of terminal hydroxyl groups with 

propargyl bromide as depicted in Scheme 10. This reaction has been reported in the literature,[16] 

and was adapted for the dialkyl-based lipids used in this study. 

 

Scheme 10: Functionalization of BisHD-hbPG32 (top) and BisHD-PEG62 (bottom) with propargyl bromide in 

order to attach alkyne functionalities. 

Successful functionalization of lipids could be confirmed by 1H NMR spectroscopy and the 

appearance of the characteristic resonances for the methylene protons (δ = 4.0  ̶4.2 ppm) and the 

alkyne protons (δ = 2.5  ̶3.0) ppm as shown in Figure 29 and Figure 30. In addition, diffusion-ordered 

NMR spectroscopy (DOSY) provided evidence for the attachment of alkyne residues to the polymers 

(See SI, Figure S-42 and Figure S-43). 
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Figure 29: 1H NMR spectrum of BisHD-hbPG32-Alkyne measured in DMSO-d6 at 400 MHz. 

 

Figure 30: 1H NMR spectrum of BisHD-PEG62-Alkyne measured in CD2Cl2 at 400 MHz. 
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5.2 Size Control of hbPG-modified Liposomes via Dual Centrifugation 
 

This section briefly illustrates recent findings that have been obtained in a collaboration with the research 

group of Prof. Mark Helm (Institute of Pharmacy and Biochemistry, Johannes Gutenberg-University Mainz). 

Experiments were performed by Matthias Voigt. 

Dual centrifugation (DC) represents a modern and convenient method to generate liposomes of 

variable lipid compositions that enables liposome preparation in small batch-sizes and with high 

encapsulation efficiencies (EE) of the cargo.[20,21] Polyether-based lipids composed of PEG and hbPG 

have been incorporated into liposomes using DC,[13] however, so far, no particular attention was 

drawn towards the effect of the polymer architecture and the molecular weights on the size of 

liposomes. Notably, the size of a nanocarrier is known to have crucial implications on cellular 

uptake.[22] In anti-cancer research, nanoparticles below 100 nm in diameter have been reported as 

optimum for tumor cell targeting.[17] Stealth liposomes obtained via DC typically exhibit diameters 

in the range of 120 to 250 nm,[13,15] that are above the aforementioned size threshold. 

For the purpose of this work, liposomes composed of egg phosphatidylcholine (EPC) and cholesterol 

were prepared using DC as described before,[13] containing small amounts of the polyether-lipids 

introduced in the previous chapter. Ceramic beads are routinely added to the centrifuge vials to 

ensure efficient mixing.  

At first, the influence of the molecular weight and the molar content of the polyether-lipids on the 

size of liposomes was investigated for the hyperbranched lipids. To this end, BisHD-hbPG32(3k), 

BisHD-hbPG66(5k), BisHD-hbPG96(7k) were incorporated into liposomes and dynamic light 

scattering (DLS) was performed via zeta-sizer to determine the z-averaged hydrodynamic radius. In 

Figure 31, diameters of liposomes are plotted versus the molar content of hbPG-lipids in the 

composition (0 - 8 mol%) for different molecular weights of the lipids (Mn ~ 3, 5 and 7 kg mol-1). 

With low amounts of the polyether-lipids (1 – 3 mol%), a drop in the diameters of liposomes is 

apparent for hbPG-lipids regardless of the molecular weights. If the molar content of hbPG-lipids is 
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further increased, a continuous decline in the size of liposomes could be detected for BisHD-hbPGs 

with molecular weights of 5000 (red) and 7000 g mol-1 (green), while a gradual size incline is 

observed for liposomes containing BisHD-hbPG3k (Mn ~ 3000 g mol-1). 

 

Figure 31: Effect of molecular weight and content of hyperbranched polyether-Lipids BisHD-hbPG3k, BisHD-

hbPG5k, BisHD-hbPG7k on the size of liposomes measured by dynamic light scattering (DLS) via zeta-sizer. 

Liposomes were prepared via dual centrifugation (DC) with lipid compositions of egg phosphatidyl choline 

(EPC, 50 mol% - x), cholesterol (50 mol%) and BisHD-PEGs/BisHD-hbPGs (x = 0 – 8 mol%).  

Interestingly, similar liposome sizes were obtained for BisHD-hbPG5k and BisHD-hbPG7k, albeit the 

differences in molecular weight. These first results suggested perspective to passively influence the 

size of liposomes by choosing polyether-based lipids with different molecular weights and served 

as motivation to take a closer look at the effect of the higher molecular weight lipids (Mn > 5000 g 

mol-1). 

In order to evaluate the influence of the polyether architecture of the lipids, i.e. linear or 

hyperbranched on the size of liposomes, additional liposomal formulations were prepared via DC 

as described above containing varying amounts (1 – 8 mol%) of BisHD-PEG7k. For illustrative 

purposes, the diameters of a series of liposomes modified with BisHD-PEG7k or BisHD-hbPG7k 

lipids are presented in Figure 32 revealing comparable values for the diameters of both classes of 

liposomes. Apparently, the drop in size with increasing molar content of the polyether-lipid is also 

observed in case of the linear polyether architecture of BisHD-PEG7k.  
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Figure 32: Influence of the architecture (linear PEG or hyperbranched PG) and the molar content (0 - 8 mol%) 

of polyether lipids on the size of liposomes for BisHD-PEG7k and BisHD-hbPG7k with molecular weights 

around 7000 g mol-1. Diameters of liposomes were measured by DLS using a zeta-sizer. 

Within the scope of these experiments, smallest diameters of liposomes were obtained for molar 

contents of polyether-lipids of 8 mol% and molecular weights above 5000 g mol-1 which was 

considered in the follow-up experiments. Based on these exploratory findings, it is not possible to 

unravel the origin of this trend behavior. However, a possible reason might be the increased steric 

demand of the polyethers with higher molecular weights, thereby promoting higher curvatures of 

the liposomal surface and hence, larger surface areas. Consequently, small liposome sizes are 

favored if larger amounts of high molecular weight lipids are employed to reduce interactions 

between polymer chains on the liposomal surface. Additional experiments are in progress to further 

analyze this behavior and to establish a more comprehensive understanding of the phenomenon.  

Although, a consistent drop in the size of liposomes could be achieved by varying the molecular 

weight of the lipids and their molar content in the composition, so far diameters were above the 

designated size threshold of 100 nm. Therefore, additional studies were performed to optimize 

experimental parameters for the preparation of liposomes via DC by capitalizing on the findings 

discussed above. Figure 33 graphically displays physical characteristics of a series of liposomes 

containing 8 mol% of BisHD-hbPG6k (left columns) and BisHD-PEG7k (right columns) prepared via 

DC with different dilutions of lipids in buffer and varying amounts ceramic beads. Three 
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experimental settings (standard, diluted, optimized) have been investigated and are distinguished 

in the chart below. 

 

Figure 33: Dependency of liposome properties, i.e. size (diameter), PDI (polydispersity index), EE 

(encapsulation efficiency) on different experimental parameters for DC preparation (n = 3) of liposomes 

composed of egg phosphatidyl choline (EPC, 42 mol%), cholesterol (50 mol%) and BisHD-hbPG6k or BisHD-

PEG7k (8 mol%) with total lipid amounts of 9.6 mg for PEG liposomes and 8.5 mg for hbPG liposomes and 

different amounts of ceramic beads (Ø 0.4 mm). Experimental parameters include std (standard): Vs
Buffer  = 

2*Vs
Beads = 38 μL, dil (diluted): Vd

Buffer  = 2 Vd
Beads = 66 μL, opti (optimized): Vo

Buffer  = Vo
Beads = 66 μL. The volume 

of beads was determined from their hydrostatic displacement. Size and PDI of liposomes were determined 

via zeta-sizer and EE was obtained from SEC using UV detection.  

Apparently, higher dilution and increased amounts of ceramic beads lead to a significant drop in 

the size of liposomes. This effect is more pronounced for the hbPG-lipids showing minimum 

diameters of approx. 90 nm for optimized parameters of DC preparation. In addition, encapsulation 

efficiencies (EE) of calcein as a model cargo could be assessed by size exclusion chromatography 

using UV detection. Interestingly, lower PDIs (around 0.2) and increased EEs (> 50%) were 

determined for liposomes prepared under optimized conditions which is desirable as well. 
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Figure 34: Transmission electron microscopy (TEM) images of liposomes containing BisHD-hbPG6k lipids 

embedded in trehalose using negative staining with uranyl acetate and performing measurements on a lacey 

carbon grid.[23] 

To visualize the physical appearance of liposomes prepared via DC under the above-described 

optimized parameters, transmission electron microscopy (TEM) images were recorded for 

liposomes containing 8 mol% of BisHD-hbPG6k. This sample preparation technique has been 

employed before for TEM imaging of other nanoparticles.[23] Figure 34 depicts TEM images of 

liposomes that reveal average diameters below 100 nm confirming the results from DLS.  

Although the findings discussed in this chapter express exploratory character, they suggest 

promising perspective for preparational strategies via dual centrifugation to control the size of 

liposomes below 100 nm, by using polyether-lipids with molecular weights exceeding 5000 g mol-1, 

which is regarded as the desirable size range of nanoparticles for antitumor therapy. These results 

may serve as incentive for future experiments in this area. 
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5.3 In Vivo Biodistribution Studies of 18F-Radiolabeled Lipids and Liposomes 

by Positron Emission Tomography Imaging 

 

In this chapter, a short overview of recent results is presented that have been obtained in collaboration with 

the research group of Prof. Frank Roesch (Institute of Nuclear Chemistry, University of Mainz). Radiolabeling 

of lipids and liposome preparation were conducted by Karolin Wagener (Research Group Prof. Frank Roesch). 

Animal studies in mice were carried out by Karolin Wagener and Dr. Stefanie Pektor (Clinic and Polyclinic of 

Nuclear Medicine, University Medical Center Mainz). Dynamic light scattering was performed by Meike 

Schinnerer (Research Group Prof. Manfred Schmidt). 

 

Positron emission tomography (PET) is a versatile imaging technology in nuclear medicine that 

allows in vivo visualization of biodistributions of nanoparticles and liposomes, by attaching 

radioactive tracers to their surfaces.[24,25] The most frequently used radioisotope in PET is fluorine-

18 (18F) with a comparatively short half-life of t1/2 = 109.7 min, which can be produced on a large 

scale and, in contrast to positron emitting metal nuclides, can be introduced without the use of 

chelating agents.[26] In liposomal research, PET imaging with 18F-labeled lipids has been reported in 

the literature.[16,27,28]  

 

Scheme 11: 18F-Radiolabeling of alkyne-functional BisHD-hbPG3k (top) and BisHD-PEG3k (bottom) via 

copper(I)-catalyzed azide-alkyne cycloaddition click chemistry (CuAAC) using [18F]F-TEG-azide as a radioactive 

synthon. 
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In order to facilitate PET imaging, alkyne-functional BisHD-PEG62(3k) and BisHD-hbPG32(3k) lipids 

introduced in Chapter 5.1 were radiolabeled with [18F]F-TEG-azide using copper(I)-catalyzed alkyne-

azide cycloaddition click chemistry (CuAAC) as shown in Scheme 11. 18F-Radiolabeling of polyether 

amphiphiles has been described for cholesterol-lipids in previous reports,[16] and has been adapted 

for dialkyl-functional lipids in this study. Polyether-lipids with molecular weights of around 3000 g 

mol-1 were chosen to be in line with molecular weights of cholesterol-lipids investigated in the 

previous studies.  

 

Figure 35: MIPs (coronal views) of whole body biodistributions for 18F-labeled BisHD-PEG3k (top) and BisHD-

hbPG3k (bottom) lipids in mice, recording images in time periods of 0 – 3 min (A, C) and 50 – 60 min (B, C) 

after injection. Abbreviation of organs include lu = lung, he = heart, ki = kidneys, bl = bladder, ve = vene, gi = 

gastintestinal tract.  

To analyze the behavior of the BisHD-polyether lipids in vivo, μPET experiments of the 18F-labeled 

polymers in healthy C57BL/6 mice were conducted.  

Figure 35 presents coronal views of maximum intensity projections (MIPs) for the PET images of 

hyperbranched and linear polyether-lipids recorded in time periods of 0 – 3 min (A, C) and 50 – 60 
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min (B, D) after injection. In early phases (0 – 3 min), increased uptake was recorded in organs of 

high blood supply such as the heart and the lung, whereas maximum intensities were observed in 

the kidneys and the bladder for both lipids. In later timeframes (50 – 60 min), predominant uptake 

was detected in the bladder of the mice.  

These results suggest rapid clearance of 18F-labeled hbPG- and PEG-lipids by glomerular filtration 

leading to an accumulation in the bladder which is in accordance with findings obtained for 

cholesteryl polyether-lipids of comparable molecular weights.[16] Small differences in the 

biodistribution of the two lipids are apparent from images B and D indicating minor uptake of the 

PEG-lipids in the liver and the gastrointestinal tract, which is less pronounced for the hyperbranched 

polymers. With respect to a potential application in liposomal formulations, efficient renal 

clearance of the lipids is highly desirable to assure excretion after successful drug delivery and 

decomposition of liposomes, to avoid accumulation in the tissue or uptake by the MPS.  

 

Figure 36: A: Autocorrelation function g1(t) of three liposome formulations (Lipo-1, Lipo-2, Lipo-3) prepared 

via membrane extrusion obtained from dynamic light scattering (DLS) at a scattering angle of 30 °. B: Plots of 

the apparent diffusion coefficient Dapp vs. scattering vector q for Lipo-1, Lipo-2 and Lipo-3 to assess the z-

averaged diffusion coefficient 〈𝑫〉𝒛 by extrapolation to q = 0.  

Furthermore, liposomes composed of BisHD-PEG3k (5 mol%), 1,2-dioleoyl-glycero-sn-3-

phosphocholine DOPC (55 mol%) and cholesterol (40 mol%) were prepared by successive extrusion 



 
 

203 
 
 

   5.3 In Vivo Studies of 18F-radiolabeled Liposomes by Positron Emission Tomography 

through polycarbonate membranes with pore sizes of 400 nm and 100 nm. Subsequently, dynamic 

light scattering (DLS) was performed to determine the hydrodynamic radius Rh and the size 

distributions of liposomes (μ2). Figure 36 compiles experimental results from DLS measured at 

multiple angles for three liposome formulations Lipo-1 (black), Lipo-2 (red), Lipo-3 (green). The 

autocorrelation functions g1(t) (A) recorded for liposomes at a scattering angle of 30 ° are shown as 

an example. Apparent diffusion coefficients Dapp(q) could be calculated from g1(t) and plotting of 

Dapp against the respective scattering vector q allowed determination of the z-averaged diffusion 

coefficient 〈𝐷〉𝑧 via extrapolation to q = 0.  

By calculating the hydrodynamic radius Rh of liposomes from 〈𝐷〉𝑧 using the Stokes  ̶ Einstein 

equation, values of 53 nm (Lipo-1, Lipo-2) and 67 nm (Lipo-3) were determined with narrow size 

distributions (μ2 < 0.13) of the liposomes. These results are in agreement with DLS data obtained 

for cholesterol  ̶PEG-liposomes prepared by membrane extrusion,[16] and are close to the proposed 

optimum size for nanoparticles in tumor therapy.[17] Deviations in the size of liposomes are likely to 

be due to different extrusion speeds during sample preparation.  

 

Figure 37: Z-averaged hydrodynamic radius Rh of Lipo-1 at different temperatures determined by DLS. 

In addition, temperature-dependency of Rh was measured for Lipo-1 in a temperature range of 20 

- 50 °C in PBS buffer, to evaluate the stability of the stealth liposomes upon heating. Clearly, the 
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hydrodynamic radius of the liposomes remained almost unaffected by the temperature increase as 

visualized in Figure 37. Changes in the size of liposomes could be expected in case of inter-liposomal 

lipid exchange or aggregation. The temperature range examined in this experiment by far exceeded 

the physiological range, yet, these results suggest steric stabilizing of the surface-modified 

liposomes to a certain degree that prevents aggregation in solution. 

Finally, liposomes were prepared via membrane extrusion containing 18F-radiolabeled BisHD-

hbPG3k lipids (5 mol%) and their in vivo biodistribution was investigated in healthy C57BL/6 mice 

via μPET imaging in time periods of 0-3 min, 50-60 min and 3.5-4 h after injection. The preparation 

of liposomes has been adapted from previous reports on PET imaging of cholesterol-based hbPG-

lipids.[16] Coronal views of MIPs for liposomes modified with 18F-radiolabeled BisHD-hbPG3k lipids 

are presented in Figure 38. 

 

Figure 38: MIPs (coronal views) of whole body biodistributions for liposomes containing 18F-labeled BisHD-

hbPG3k lipids (5 mol%) in healthy C57BL/6 mice, recording images in time periods of 0 – 3 min, 50 – 60 min 

and 3.5 – 4.0 h after injection. Abbreviation of organs include lu = lung, he = heart, ki = kidneys, sp = spleen, 

bl = bladder, ve = vene.  

In early (0-3 min) to medium (50-60 min) phases, maximum signal intensities were observed in 

organs of high blood supply especially the heat and the lung, while minor uptake by the kidneys 
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and the spleen could be detected. In later timeframes (3.5-4 h), increased uptake by the liver was 

recorded, while lower emission intensities were observed in the heart and the lung. In contrast to 

the results from PET imaging of the pure lipids presented in Figure 35, no uptake by the bladder 

and thus no excretion via the kidney pathway was observed for radiolabeled lipid components.  

The PET results indicate blood circulation of the hbPG-modified liposomes for more than 1h without 

renal excretion of labeled lipid components suggesting in vivo stability of the liposomal carriers in 

this time period. In comparison to previous in vivo studies of liposomes containing cholesterol-

based hbPG-lipids that revealed rapid disintegration of liposomal carriers in the blood stream,[16] 

improved in vivo performance can be concluded for the liposomes modified with dialkyl-derived 

hbPG-lipids. Furthermore, these results are in accordance with recently elucidated insights on the 

in vitro membrane stability of polyether-functional lipids that showed a more stable anchorage for 

dialkyl-based lipids compared to cholesterol-functional lipids.[15] To the best of our knowledge, this 

is the first report that provides evidence for a hbPG-mediated ‘stealth shielding’ of liposomes in 

vivo motivating a stronger emphasis on multifunctional hyperbranched polyglycerol in liposomal 

applications.  
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Conclusion 

In this work, we envisaged to investigate the properties of hbPG- and PEG-functional dialkyl-lipids 

with respect to their performance in liposomal formulations. By using bishexadecyl glycerol (BisHD) 

as an initiator for the anionic ring-opening polymerization (AROP) of ethoxyethyl glycidyl ether 

EEGE, a novel linear polyglycerol (linPG) lipid was obtained after acidic hydrolysis of acetal 

protecting groups. The linPG precursor served as a macroinitiator for the slow monomer addition 

of glycidol to yield BisHD-hbPGs with molecular weights of 3 to 7 kg mol-1 exhibiting moderate 

molecular weight distributions (Ð ≤ 1.3). For comparative purposes, BisHD-PEGs of similar 

molecular weights and with low dispersities (Ð < 1.1) were synthesized using BisHD as an initiator 

for the AROP of ethylene oxide. The structures were analyzed by SEC, 1H NMR and 13C NMR 

spectroscopy. Studies on the properties of liposomes containing the BisHD-hbPG and BisHD-PEG 

lipids prepared via dual centrifugation (DC) suggest promising perspectives to control the size of 

liposomes in the range of 100 nm for BisHD-lipid molecular weights above 5 kg mol-1, while retaining 

high encapsulation efficiencies of the model cargo calcein. In vivo biodistribution data of the radio-

labeled lipids obtained by positron emission tomography (PET) imaging are presented confirming 

rapid clearance of hbPG- and PEG-lipids via the kidney pathway. Furthermore, PET imaging of 

liposomes modified with 18F-labeled BisHD-hbPG-lipids was performed revealing blood circulation 

times of more than 1h. Aside from extending the scope of hyperbranched lipids in terms of 

architectures, molecular weights and synthetic accessibility from a novel EEGE precursor, these 

findings suggest promising perspective regarding size control of liposomes in DC preparation. Most 

notably, the PET studies provide evidence for ‘stealth’ properties of hbPG-modified liposomes in 

vivo that may serve as additional incentive for the application of hyperbranched polyglycerols in 

liposomal formulations as multifunctional alternatives to PEG. 



 
 

207 
 
 

 Conclusion 

References 

 
[1] Pattni, B. S.; Chupin, V. V.; Torchilin, V. P. Chem. Rev., 2015, 115, 10938–10966. 

[2] Torchilin, V. P. Nat Rev Drug Discov, 2005, 4, 145–160. 

[3] Dawidczyk, C. M.; Kim, C.; Park, J. H.; Russell, L. M.; Lee, K. H.; Pomper, M. G.; Searson, P. 

C. J. Control. Release, 2014, 187, 133–144. 

[4] Matsumura, Y.; Maeda, H. Cancer Res., 1986, 46, 6387. 

[5] Hobbs, S. K.; Monsky, W. L.; Yuan, F.; Roberts, W. Gregory; Griffith, L.; Torchilin, V. P.; Jain, 

R. K. PNAS, 1998, 95, 4607–4612. 

[6] Sofou, S.; Sgouros, G. Expert Opin. Drug Deliv., 2008, 5, 189–204. 

[7] Gupta, B.; Levchenko, T. S.; Torchilin, V. P. Oncology Research Featuring Preclinical and 

Clinical Cancer Therapeutics, 2006, 16, 351–359. 

[8] Pappalardo, J. S.; Quattrocchi, V.; Langellotti, C.; Di Giacomo, S.; Gnazzo, V.; Olivera, V.; 

Calamante, G.; Zamorano, P. I.; Levchenko, T. S.; Torchilin, V. P. J. Control. Release, 2009, 134, 41–

46. 

[9] Baek, S. E.; Lee, K. H.; Park, Y. S.; Oh, D.-K.; Oh, S.; Kim, K.-S.; Kim, D.-E. J. Control. Release, 

2014, 196, 234–242. 

[10] Sawant, R. R.; Torchilin, V. P. AAPS, 2012, 14, 303–315. 

[11] Kainthan, R. K.; Janzen, J.; Levin, E.; Devine, D. V.; Brooks, D. E. Biomacromolecules, 2006, 

7, 703–709. 

[12] Hofmann, A. M.; Wurm, F.; Hühn, E.; Nawroth, T.; Langguth, P.; Frey, H. 

Biomacromolecules, 2010, 11, 568–574. 

[13] Fritz, T.; Hirsch, M.; Richter, F. C.; Müller, S. S.; Hofmann, A. M.; Rusitzka, Kristiane A. K.; 

Markl, J.; Massing, U.; Frey, H.; Helm, M. Biomacromolecules, 2014, 15, 2440–2448. 

[14] Mohr, K.; Müller, S. S.; Müller, L. K.; Rusitzka, K.; Gietzen, S.; Frey, H.; Schmidt, M. 

Langmuir, 2014, 30, 14954–14962. 



   
 

208 

  
 

 5 Hyperbranched Polyglycerol-based Lipids in Liposomes 

[15] Fritz, T.; Voigt, M.; Worm, M.; Negwer, I.; Müller, S. S.; Kettenbach, K.; Ross, T. L.; Roesch, 

F.; Koynov, K.; Frey, H.; Helm, M. Chem. Eur. J., 2016, 22, 11578–11582. 

[16] Reibel, A. T.; Müller, S. S.; Pektor, S.; Bausbacher, N.; Miederer, M.; Frey, H.; Rösch, F. 

Biomacromolecules, 2015, 16, 842–851. 

[17] Nagayasu, A.; Uchiyama, K.; Kiwada, H. Adv. Drug Delivery Rev., 1999, 40, 75–87. 

[18] Fitton, A. O.; Hill, J.; Jane, D. E.; Millar, R. Synthesis, 1987, 1987, 1140-1142. 

[19] Seiwert, J.; Leibig, D.; Kemmer-Jonas, U.; Bauer, M.; Perevyazko, I.; Preis, J.; Frey, H. 

Macromolecules, 2016, 49, 38–47. 

[20] Massing, U.; Cicko, S.; Ziroli, V. J. Control. Release, 2008, 125, 16–24. 

[21] Meier, S.; Pütz, G.; Massing, U.; Hagemeyer, C. E.; Elverfeldt, D. von; Meißner, M.; 

Ardipradja, K.; Barnert, S.; Peter, K.; Bode, C.; Schubert, R.; von zur Muhlen, C. Biomaterials, 2015, 

53, 137–148. 

[22] Allen, T. M.; Everest, J. M. J. Pharmacol. Exp. Ther., 1983, 226, 539. 

[23] Renz, P.; Kokkinopoulou, M.; Landfester, K.; Lieberwirth, I. Macromolecular Chemistry and 

Physics, 2016, 217, 1879–1885. 

[24] Cole, J. T.; Holland, N. B. Drug Deliv. Transl. Res., 2015, 5, 295–309. 

[25] Kunjachan, S.; Ehling, J.; Storm, G.; Kiessling, F.; Lammers, T. Chem. Rev., 2015, 115, 

10907–10937. 

[26] Jacobson, O.; Kiesewetter, D. O.; Chen, X. Bioconjugate Chem., 2015, 26, 1–18. 

[27] Marik, J.; Tartis, M. S.; Zhang, H.; Fung, J. Y.; Kheirolomoom, A.; Sutcliffe, J. L.; Ferrara, K. 

W. Nucl. Med. Biol., 2007, 34, 165–171. 

[28] Oku, N.; Yamashita, M.; Katayama, Y.; Urakami, T.; Hatanaka, K.; Shimizu, K.; Asai, T.; 

Tsukada, H.; Akai, S.; Kanazawa, H. Int. J. Pharm., 2011, 403, 170–177. 

 



 
 

209 
 
 

 Supporting Information 

Supporting Information 
 

 

 

Figure S-39: 1H NMR spectrum of BisHD-linPG macroinitiator (3) measured in DMSO-d6 at 400 MHz. 

 

 

 

Figure S-40: MALDI ToF MS spectrum of BisHD-linPG recorded using KTFA as salt and CHCA as 
matrix. 
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Figure S-41: SEC traces of the macroinitiator BisHD-linPG24 and BisHD-hbPG77 measured in DMF 

using RI detection. 

 

Figure S-42: Diffusion-Ordered NMR spectrum (DOSY) of alkyne-functional BisHD-PEG62 measured 

in CD2Cl2. 
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Figure S-43: Diffusion-ordered NMR spectrum (DOSY) of alkyne-functional BisHD-hbPG32 measured 

in DMSO-d6
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i) pH-Degradable Poloxamer Analogs 

In chapter 2, the usefulness of acid-cleavable poloxamer analogs PA (PEO-b-PPO-b-PEO 

copolymers) in miniemulsion polymerization (MEP) was demonstrated, suggesting great potential 

for the preparation of surfactant-free nanoparticles. MEPs can be employed for the polymerization 

of numerous monomers to generate nanoparticles comprised of e.g. polyvinyl acetate, 

polyurethanes or polyacrylnitrile.[1] By using the acid-sensitive poloxamer analogs is could be 

possible to further enhance the purity of the resulting nanoparticles and render them suitable for 

high performance applications. It is well-known that the molecular composition of the surfactant, 

i.e. the block lengths, crucially influences the emulsification properties, which was also confirmed 

for PAs in the course of this study.  

 

Figure 39: Schematic illustration of oil-in-water miniemulsion polymerization (MEP) and water-in-oil inverse 

miniemulsion polymerization (inverse MEP), using pH-cleavable poloxamer analogs of different molecular 

composition with HLB (hydrophilic-lipophilic balance) values below or above 8 to stabilize the respective 

miniemulsions.  

To further extend the scope of the novel surfactants, polymeric amphiphiles with HLB values 

(hydrophilic-lipophilic balance) below 8, i.e. with high molecular weights of the lipophilic PPO block 

and low molecular weights of the hydrophilic PEO segments could be synthesized and applied in 
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inverse MEP techniques (water-in-oil) as illustrated in Figure 39. Consequently, water-soluble 

monomers such as hydroxyethyl methacrylate, acrylamides or acrylic acid could be polymerized to 

generate hydrophilic nanoparticles. Since MEP further allows to encapsulate cargo molecules inside 

of nanoparticles or nanocapsules, drug-loaded, water-soluble, and most importantly, surfactant-

free nanostructures could be prepared by PA-assisted inverse MEPs. These structures are promising 

as drug carrier systems for biomedical applications. In case of pH-sensitive therapeutic cargo, it 

might be necessary to modify the PA structures by incorporating cleavable linkages with higher 

susceptibility towards acid hydrolysis, such as ketals or orthoesters. Drawing benefit from the 

achievements in chapter 4, the synthesis route introduced for asymmetric ketals could provide 

access to ketal-functional PEO-b-PPO-b-PEO copolymers for ‘burst’ pH-responsive behavior of the 

particle emulsions in mildly acidic media.  

ii) pH-cleavable PEGs  

The synthesis of poly(ethylene glycol)s (PEG) with in-chain pH-cleavable vinyl ether moieties that 

are hydrolzable in a physiologically relevant pH range was developed in chapter 3. By capitalizing 

on the anionic ring-opening copolymerization of ethylene oxide (EO) and 3,4-epoxy-1-butene (EPB) 

followed by subsequent catalytic isomerization of the double bonds, well-defined and hydroxyl-

functional copolymers were accessible. To allow for an application of the pH-cleavable P(EPB-co-

EG) copolymers as PEG substitutes for polymer-drug conjugates, common bioconjugation routes 

could be employed, for instance by attaching amino-reactive moieties such as succinimidyl 

carbonates,[2] squaric acids,[3] and 3-thioazolidin-2-thiones,[4] or thiol-reactive groups like 

orthopyridyl disulfide,[5] to the polymers’ chain ends. In this manner, ligation of proteins to the 

degradable, isomerized form of P(EPB-co-EG) via their lysine or cysteine residues could be 

achievable. 

Another interesting future objective is the development of a catalyst system that permits control 

over the content of EPB (E)- and (Z)-isomers in the isomerization step. In situ 1H NMR kinetic studies 
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detailed in chapter 3 revealed significantly faster hydrolysis of the (Z)-isomeric form providing 

perspectives for a fine-tuning of hydrolysis profiles and the respective half-lifes in the blood stream. 

In particular, the design of long-circulating conjugates with molecular weights of the pH-cleavable 

PEG exceeding the renal filtration limit, appears to be a promising perspective (See Figure 40). The 

attachment of radioactive tracers or fluorescent labels to the cargo or the polymer, can permit 

studies on the in vivo biodistribution and blood circulation times of the polymer-drug conjugates.  

 

Figure 40: Illustration of a polymer-drug conjugate tethered via a urethane linkage for pH-induced 

intracellular cleavage and decomposition of PEG chains.  

By using lipophilic initiators for the copolymerization of EO and EPB, pH-responsive amphiphilic 

structures with cleavable hydrophilic polyether blocks could be accessible that might serve as an 

innovation both for liposomal research and the development of pH-triggered release strategies. 

iii) pH-cleavable PEG-Lipids  

In chapter 4, the development of novel ketal- and acetal-functional dialkyl-PEG lipids was reported 

with a strong emphasis on elucidating pH-dependent cleavage profiles of the pure lipids as well as 

evaluating the shedding properties of the lipids in liposomal formulations.  

The promising hydrolysis profiles found for the ketal-functional PEG-lipids in liposomes motivate 

further research activities in this area. A potential next step could be the combination of pH-

sheddable liposomes with active targeting strategies. Due to the hydroxyl functionality of the lipids 
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and the well-established post-modification chemistry of PEG,[6] attachment of targeting molecules 

such as folates or aptamers to the PEG-lipids appears achievable. To warrant presentation of the 

target units on the liposomal surface in order to permit interaction with cellular receptors, post-

preparational conjugation of target units to lipids might be necessary. This has already been 

established for dye-labeling of liposomes.[7] Furthermore, it appears reasonable to link the target 

unit to the less rapidly hydrolyzing acetal-containing PEG-lipid in order to avoid premature cleavage 

of the target function from the carrier. The use of lipid compositions comprised of low amounts of 

acetal-PEG lipids functionalized with targeting moieties and higher contents of ketal-PEG lipids 

could be beneficial to induce an effective PEG shedding in the slightly acidic tumor 

microenvironment in order to promote receptor-mediated uptake into the targeted cells. A certain 

amount of fusogenic lipids,[8] e.g. DOPE could further assert destabilization of the liposomal 

membranes and could induce membrane fusion in endosomal compartments after detachment of 

the PEG stealth layer. A schematic representation of a stealth liposome including the above-

mentioned modifications is shown in Figure 41. The efficacy of the modified stealth liposomes could 

be evaluated in in vivo experiments with tumor-bearing mice.  

 

Figure 41: Schematic illustration of an aptamer-modifidied, pH-sheddable stealth liposome with fusogenic 

lipids containing fusogenic lipids. 
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To further extend the scope of the newly developed synthesis strategy of asymmetric ketals in 

polymers, different alcohol precursors could be employed to synthesize various pH-cleavable PEG-

based polymeric architectures that e.g. could serve as an innovation in the design of pH-responsive 

polymersomes.  

Combining the essence of chapter 3 and 4, another state-of-the-art approach would be the use of 

a suitable ketal-containing, functional initiator for the copolymerization of EO and EPB and 

subsequent conjugation of the copolymers to a therapeutic agent. Thereby, pH-induced “burst 

dePEGylation” behavior could be triggered in physiological domains of lowered pH values, such as 

tumor or inflammatory tissues, and different cellular compartments, while assuring partial 

degradability of the detached PEGs due to the in-chain cleavable vinyl ether linkages.  

iv) hbPG-Lipids in Liposomes  

The influence of the polyether architecture on the properties of liposomes was studied in chapter 

5 for dialkyl-lipids containing hyperbranched polyglycerol (hbPG) or linear PEG of similar molecular 

weights.  

A possible next step would be to further exploit the multifunctionality of hbPG by attaching multiple 

functional substrates onto the surface of liposomes to achieve high local concentrations of the 

targeting structures that may effectuate a so-called multivalence effect in active targeting. This 

could be interesting when addressing recognition sites of low binding affinity on cellular surfaces. 

Here, positron emission tomography (PET) imaging of radiolabeled liposomes could serve to screen 

the in vivo biodistribution of liposomes in mice and allow to unravel the fate of lipid components 

after receptor-mediated uptake. By using different ligation chemistries, attachment of radioactive 

tracers as well as targeting ligands to the same lipid could enable simultaneous therapeutic 

treatment and imaging in terms of a “theranostic” application.  
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