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 4 Motivation and Objectives 

Motivation and Objectives 

One of the most common polymers found in everyday products and produced on a multi-

million-ton scale per annum is poly(ethylene glycol) (PEG), also known as poly(ethylene oxide) 

(PEO) and poly(oxyethylene) (POE). Although this synthetic polymer consists of a simple, 

linear polyether structure, it exhibits a unique combination of properties which attracts the 

interest in a broad range of fields of applications in both academia as well as in industry. PEG is 

chemically inert, non-toxic, almost non-immunogenic, soluble in a wide range of organic 

solvents and highly water-soluble, which is unexpected when regarding the aliphatic polyether 

structure. In result, the polymer is most suitable to serve as the hydrophilic segment in nonionic 

surfactants for products getting closest to its user, such as body-care products and edibles. Other 

fields of applications include breathable fabrics, the conservation of waterborne wooden artifacts 

and biomedical applications. 

Among the latter, PEG is known as a shielding component in drug delivery systems. The 

socalled “PEGylation”, i.e., the covalent attachment of PEG chains, to therapeutically active 

proteins has gathered immense attention and has become a multi-billion-dollar market in the last 

three decades, with several polymer therapeutics approved by the Food and Drug 

Administration (FDA). Direct application of the respective proteins suffers from their inherent 

disadvantages, such as their rapid proteolytic degradation and frequently found immunogenicity. 

The PEGylation of therapeutically active proteins slows down their proteolytic degradation, 

reduces their renal filtration rate and lowers their immunogenicity. In summary, these effects 

lead to significantly prolonged blood circulation times. Since the polyether impedes 

protein/ligand or protein/receptor interactions, a reduction of the protein’s in vitro bioactivity 

commonly is observed upon PEGylation. In numerous cases, the use of branched PEG 

architectures instead of linear chains has been proven to be advantageous: The resulting 

polymer/protein conjugates are less immunogenic, undergo slower proteolysis, exhibit higher 

in vitro bioactivities, and show highly prolonged body residence times compared to their linear 

derivatives. 

Despite these valuable characteristics, some important drawbacks remain: PEG is not 

biodegradable and parenterally applied, PEG conjugates must consist of polyether chains that do 

not exceed a certain molecular weight limit (usually 30,000 g/mol). Otherwise the polymer 
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cannot be excreted and accumulates in the liver, leading to storage diseases and potentially liver 

cancer. Furthermore, the PEG derivatives used in PEGylation usually are employed as 

poly(ethylene glycol) monomethyl ethers (mPEGs) in multi-step processes and the polymers 

lack an additional functional group that could be used for further derivatization, such as the 

attachment of labels or targeting moieties. Also, the loss of efficiency of PEGylated proteins due 

to the accelerated clearance induced by anti-PEG antibodies has been observed to be more 

severe for conjugates prepared from mPEGs than from α-activated ω-hydroxyl-PEGs. 

 

The objectives of the current thesis were: 

(i) The establishment of diethyl squarate, a successful coupling agent for the generation of 

neoglycoproteins that is highly selective for amines in the presence of multiple hydroxyl groups, 

as a linker for the attachment of α-amino PEGs to proteins and the development of novel 

heterofunctional poly(ethylene glycol) structures suitable for bioconjugation. 

(ii) Generation of novel heteromultifunctional polyether structures, in particular α-amino ω2-

dihydroxyl star-shaped three-arm PEG, which is a promising candidate for the squaric acid 

mediated PEGylation with branched polymer architecture. 

(iii) Generation of novel heterobifunctional, linear PEGs with a single acid-labile moiety either 

at the conjugation site to enable the detachment of the polymer from the protein at the place of 

action or at a controlled position in the main chain to obtain biodegradable PEGs.  

(iv) The synthetic strategies to these heterofunctional PEGs should be straightforward, involve 

only a few steps and result in well-defined polyethers, which required full conversion in all 

postpolymerization reactions and narrowly distributed molecular weights of the polydisperse 

products.  

 

The systematic exploration of the squaric acid mediated PEGylation was carried out using amino 

mPEGs, protected lysine derivatives and bovine serum albumin (BSA) as model compounds. 

The reactivity of the activated PEGs was investigated employing reaction kinetics followed by 
1H NMR spectroscopy and sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-

PAGE). Further, preliminary studies on the biocompatibility of the novel conjugates were 

carried out. 
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For the syntheses of acid-labile PEGs, a universal strategy for the implementation of acetals 

into initiators for the anionic ring-opening polymerization of epoxides was developed and tested 

by the modification of various established initiators, i.e., cholesterol, N,N-dibenzylamino 

ethanol, and mPEG. All polymers were examined regarding their degradability under acidic 

conditions.  

The heterofunctional star-shaped PEG was synthesized by polymerizing ethylene oxide (EO) 

from a divalent macroinitiator carrying a primary and a secondary hydroxyl group. To 

investigate the influence of the chemical nature of the initiating site, a novel divalent initiator 

was developed, which consisted of a primary and a secondary hydroxyl group separated by an 

acetal moiety.  

In the appendix, several chapters summarize contributions to other areas of polyether 

chemistry that evolved out of the topics treated in this thesis in the context of collaborations 

with colleagues in the Frey group. 

Supporting Informations quoted in the text always refer to the Supporting Information found 

at the end of the respective chapter. 

 



 7 Abstract 

Abstract 

Poly(ethylene glycol) (PEG) is used in a broad range of applications due to its unique 

combination of properties and approved use in formulations for body-care products, edibles and 

medicine. This thesis aims at the synthesis and characterization of novel heterofunctional PEG 

structures and the establishment of diethyl squarate as a suitable linker for the covalent 

attachment to proteins.  

Chapter 1 is an introduction on the properties and applications of PEG as well as the 

fascinating chemistry of squaric acid derivatives. In Chapter 1.1, the synthesis and properties of 

PEG are described, and the versatile applications of PEG derivatives in everyday products are 

emphasized with a focus on PEG-based pharmaceuticals and nonionic surfactants. This chapter is 

written in German, as it was published in the German Journal Chemie in unserer Zeit. 

Chapter 1.2 deals with PEGs major drawbacks, its non-biodegradability, which impedes 

parenteral administration of PEG conjugates with polyethers exceeding the renal excretion 

limit, although these would improve blood circulation times and passive tumor targeting. This 

section gives a comprehensive overview of the cleavable groups that have been implemented in 

the polyether backbone to tackle this issue as well as the synthetic strategies employed to 

accomplish this task. Chapter 1.3 briefly summarizes the chemical properties of alkyl squarates 

and the advantages in protein conjugation chemistry that can be taken from its use as a coupling 

agent.  

In Chapter 2, the application of diethyl squarate as a coupling agent in the PEGylation of 

proteins is illustrated. Chapter 2.1 describes the straightforward synthesis and characterization 

of squaric acid ethyl ester amido PEGs with terminal hydroxyl functions or methoxy groups. 

The reactivity and selectivity of theses activated PEGs are explored in kinetic studies on the 

reactions with different lysine and other amino acid derivatives, followed by 1H NMR 

spectroscopy. Further, the efficient attachment of the novel PEGs to a model protein, i.e., 

bovine serum albumin (BSA), demonstrates the usefulness of the new linker for the PEGylation 

with heterofunctional PEGs. In Chapter 2.2, initial studies on the biocompatibility of 

polyether/BSA conjugates synthesized by the squaric acid mediated PEGylation are presented. 

No major cytotoxic effects on very sensitive primary human umbilical vein endothelial cells 

exposed to various concentrations of the conjugates were observed in a WST-1 assay. A cell 
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adhesion molecule - enzyme immunosorbent assay did not reveal the expression of E-selectin or 

ICAM-1, important cell adhesion molecules involved in inflammation processes.  

The focus of Chapter 3 lies on the syntheses of novel heterofunctional PEG structures which 

are suitable candidates for the squaric acid mediated PEGylation and exhibit superior features 

compared to established PEGs applied in bioconjugation. Chapter 3.1 describes the synthetic 

route to well-defined, linear heterobifunctional PEGs carrying a single acid-sensitive moiety 

either at the initiation site or at a tunable position in the polyether backbone. A universal 

concept for the implementation of acetal moieties into initiators for the anionic ring-opening 

polymerization (AROP) of epoxides is presented and proven to grant access to the degradable 

PEG structures aimed at. The hydrolysis of the heterofunctional PEG with the acetal moiety at 

the initiating site is followed by 1H NMR spectroscopy in deuterium oxide at different pH. In an 

exploratory study, the same polymer is attached to BSA via the squarate acid coupling and 

subsequently cleaved from the conjugate under acidic conditions. Furthermore, the concept for 

the generation of acetal-modified AROP initiators is demonstrated to be suitable for cholesterol, 

and the respective amphiphilic cholesteryl-PEG is cleaved at lowered pH. In Chapter 3.2, the 

straightforward synthesis of α-amino ω2-dihydroxyl star-shaped three-arm PEGs is described. To 

assure a symmetric length of the hydroxyl-terminated PEG arms, a novel AROP initiator is 

presented, who’s primary and secondary hydroxyl groups are separated by an acetal moiety. 

Upon polymerization of ethylene oxide for these functionalities and subsequent cleavage of the 

acid-labile unit no difference in the degree of polymerization is seen for both polyether 

fragments. 
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Zusammenfassung 

Aufgrund der einzigartigen Kombination nützlicher Eigenschaften und der Zulassung für die 

Verarbeitung in Körperpflegeprodukten, Lebensmitteln und Medikamenten wird 

Poly(ethylenglykol) (PEG) in einer Vielzahl verschiedener Anwendungen eingesetzt. Diese 

Dissertation beschäftigt sich mit der Synthese und Charakterisierung neuer heterofunktioneller 

PEG-Strukturen und der Etablierung von Diethoxycyclobutendion (Quadratsäurediethylester) 

als Kupplungsreagenz zur kovalenten Verknüpfung von PEG und PEG-Derivaten mit Proteinen. 

Kapitel 1 stellt eine Einleitung zu den Eigenschaften und Anwendungen von PEG sowie der 

faszinierenden Chemie der Quadratsäurederivate dar. Im Unterkapitel 1.1 werden die 

Synthese und die Eigenschaften von PEG vorgestellt, sowie dessen vielseitige Anwendung im 

alltäglichen Gebrauch. Insbesondere wird die Verwendung in der Medizin und Pharmazie sowie 

für nichtionische Tenside erörtert. Der Text dieses Unterkapitels ist in deutscher Sprache 

verfasst, da er als Artikel in der deutschsprachigen Zeitschrift Chemie in unserer Zeit 

veröffentlicht wurde. Das Unterkapitel 1.2 behandelt die größte Schwachstelle von PEG, 

seine Biopersistenz. Diese behindert den Einsatz parenteral verabreichter PEG-Konjugate mit 

Polyetherketten, deren hydrodynamische Volumina die Ausschlussgrenze der Nieren 

überschreiten. Solche Konjugate würden verlängerte Blutzirkulationszeiten und ein effektiveres 

passives Tumor-Targeting aufweisen. Das Unterkapitel gibt einen vollständigen Überblick über 

die verschiedenen spaltbaren Gruppen, die als Sollbruchstellen in PEG eingeführt wurden und 

lässt die Synthesestrategien zu deren Einbau in das Polymerrückgrat Revue passieren. Das 

Unterkapitel 1.3 fasst schließlich die chemischen Eigenschaften von Qaudratsäurealkylestern 

und die sich daraus resultierenden Vorzüge als Kupplungsreagenz für Proteinkonjugationen kurz 

zusammen. 

In Kapitel 2 wird die Verwendung von Qaudratsäuredieethylester als Kupplungsreagenz für 

die PEGylierung von Proteinen vorgestellt. Das Unterkapitel 2.1 beschreibt die direkte 

Synthese und Charakterisierung von Quadratsäureethylesteramido-PEGs mit terminalen 

Hydroxyl- oder Methoxygruppen. Die Reaktivität und Selektivität dieser aktivierten PEGs 

gegenüber unterschiedlichen Lysin- und weiteren Aminosäurederivaten werden anhand von mit 

Hilfe der 1H NMR Spektroskopie erstellten Kinetiken untersucht. Ferner demonstriert die 

effiziente Verknüpfung der neuen PEGs mit einem Modellprotein, bovines Serumalbumin 
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(BSA), die Nützlichkeit des Diethoxycyclobutendions für die PEGylierung mit hetero-

funktionellen PEGs. Im Unterkapitel 2.2 werden erste Untersuchungen zur Biokompatibilität 

der durch die quadratsäurevermittelte PEGylierung hergestellten Polyether/BSA-Konjugate 

präsentiert. Bei der Exposition sehr sensibler menschlicher Nabelschnurendothelzellen 

gegenüber verschiedenen Konzentrationen der Konjugate konnten in einem WST-1-Assay keine 

größeren zytotoxischen Effekte festgestellt werden. Eine Expression der wichtigen, an 

Entzündungsprozessen beteiligten Zelladhäsionsmoleküle E-Selektin und ICAM-1 konnte mittels 

Immunoassay nicht nachgewiesen werden. 

Der Schwerpunkt von Kapitel 3 liegt auf der Synthese neuer heterofunktioneller PEG-

Strukturen, die mögliche Kandidaten für die quadratsäurevermittelte PEGylierung darstellen 

und im Vergleich zu den gegenwärtig in der Biokonjugation etablierten PEGs vorteilhafte 

Merkmale aufweisen. Das Unterkapitel 3.1 beschreibt die Syntheseroute zu wohldefinierten, 

linearen heterobifunktionellen PEGs mit einer säurelabilen Gruppe, die sich entweder am 

Initiatorterminus oder an einer frei wählbaren Position innerhalb des Polyetherrückgrats 

befindet. Ein universelles Konzept zur Einführung eines Acetals in etablierte Initiatoren für die 

anionische Ringöffnungspolymerisation (AROP) wird vorgestellt und verwendet, um die 

angestrebten abbaubaren PEG-Strukturen darzustellen. Die Hydrolyse des heterofunktionellen 

PEGs mit initiatorseitigem Acetal wird mittels 1H NMR Spektroskopie in Deuteriumoxid bei 

verschiedenen pH-Werten verfolgt. Dieses Polymer wird ferner mittels der Quadratsäure-

kupplung an BSA gebunden und anschließend unter sauren Bedingungen wieder von ihm 

abgespalten. Darüber hinaus wird gezeigt, dass das Konzept für die Einführung von Acetalen in 

AROP-Initiatoren auch zur Modifikation von Cholesterin herangezogen werden kann und das 

entsprechende amphiphile Cholersteryl-PEG bei erniedrigtem pH gespalten wird. Im Unter-

kapitel 3.2 wird die direkte Synthese von dreiarmigen α-Amino-ω2-dihydroxyl-PEG-

Sternpolymeren beschrieben. Um sicherzustellen, dass beide hydroxylterminierten PEG-Arme 

die gleiche Länge aufweisen, wird ein neuer AROP-Initiator eingesetzt, dessen primäre und 

sekundäre Hydroxylgruppe durch ein Vollacetal getrennt sind. Nach der Ethoxylierung dieser 

Funktionalitäten und der anschließenden Spaltung des Acetals konnte kein Unterschied im 

Polymerisationsgrad beider Polyetherfragmente festgestellt werden. 
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1.1 Die vielen Gesichter des Poly(ethylenglykol)s 

Carsten Dingels, Martina Schömer, Holger Frey 

Johannes Gutenberg‐Universität Mainz, Institut für Organische Chemie, Duesbergweg 10–14, 

55099 Mainz, Germany. 

 

Published in: Chem. unserer Zeit 2011, 45, 338-349. 

 

Abstract 

Poly(ethylenglykol): Wohl kein anderes Polymer spielt eine so vielfältige Rolle in unserem 

täglichen Leben und ist daraus kaum mehr wegzudenken, obwohl uns dies meist nicht 

bewusst ist. Poly(ethylenglykol), kurz „PEG“, hat eine denkbar einfache, aliphatische 

Polyether-Struktur (Abbildung 1). Im Bereich der Pharmazie und Medizin stellt es den 

Goldstandard für viele Anwendungen dar, ist aber auch in fast allen Kosmetikprodukten 

für die Haut omnipräsent. Überdies spielt es eine Rolle in Li-Ionen-Akkus moderner 

Notebooks. 

 

ABB. 1 Poly(ethylenglykol) – das Molekül mit der einfachen Polyetherstruktur spielt nicht nur in 
unserem täglichen Leben eine vielfältige Rolle. 
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Einleitung 

Poly(ethylenglykol)e werden seit Jahrzehnten in pharmazeutischen Zubereitungen verwendet. 

PEG-Segmente sind in vielen nichtionischen Tensiden essentieller Bestandteil und bilden dort 

den hydrophilen Teil. PEG-haltige nichtionische Tenside kontrollieren den Aufbau vieler 

Schäume, so beispielsweise von PU-Schäumen, wie sie sich in Sitzpolstern für Automobile 

finden. Viele der Einsatzgebiete von PEG oder PEG-Tensiden erfordern keine großen Mengen, 

aber ohne diese PEG-Derivate als gleichsam „magische Komponenten“ könnten die gewünschten 

Materialien gar nicht erhalten werden. 

Hinter einer Reihe von Handelsnamen verbirgt sich PEG unterschiedlichen 

Molekulargewichts: „Macrogol“, „Pegoxol“, „Carbowax™“ und „Polyox™“. Im vorliegenden 

Artikel soll zum einen auf die Herstellungsrouten von PEG eingegangen werden, zum anderen 

sollen die ungewöhnlichen Eigenschaften dieser auf den ersten Blick denkbar einfachen 

Polyetherstruktur vorgestellt werden. Die nachfolgenden Abschnitte widmen sich dann 

ausgewählten Anwendungsgebieten von PEG, die einen Eindruck von der Breite des 

Applikationsspektrums dieses Polymers geben. Zuletzt sollen auch neue Entwicklungen und 

Fragestellungen aus der aktuellen Forschung zur Sprache kommen. 

Herstellung von Poly(ethylenglykol) aus Ethylenoxid 

Die Herstellung von Poly(ethylenglykol) basiert nicht auf der direkten Polymerisation des 

Ethylenglykols, denn die Herstellung eines Polyethers auf der Basis eines Diols ist aufgrund der 

schlechten Abspaltbarkeit der Hydroxylgruppe nicht möglich. Auch eine Williamson-artige 

Polymersynthese führt nicht zu den gewünschten Molekulargewichten. Als Monomer kommt 

somit bei allen Routen zur Herstellung das Ethylenoxid (EO) zum Einsatz, das bei 300 °C und 

erhöhtem Druck durch kontrollierte Oxidation von Ethylen unter Zuhilfenahme von Silber-

katalysatoren gewonnen wird (Abbildung 2). Weltweit werden auf diesem Weg jährlich 19 Mio. 

Tonnen Ethylenoxid erzeugt (Weltproduktion im Jahr 2009), wovon der Großteil (ca. 70%) 

allerdings gleich wieder hydrolysiert wird, um Ethylenglykol, ein weitverbreitetes Frostschutz-

mittel bzw. eine Monomerkomponente für die Polykondensation von Poly(ethylenterephthalat), 

PET, herzustellen. 
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Abb. 2 Synthese von PEG: Monomer für die Herstellung von Poly(ethylenglykol)en ist Ethylenoxid 
(EO), das technisch durch Oxidation von Ethylen synthetisiert wird. 
 

Ethylenoxid ist außerdem ein wichtiges Zwischenprodukt in der chemischen Industrie zur 

Herstellung von Dioxan und Ethylenglykolether (beides wichtige Lösungsmittel), Ethanolamin 

sowie Acrylnitril. Ethylenoxid siedet bei 11 °C, ist also bei Raumtemperatur ein Gas und ist 

sowohl elektrophil wie auch nukleophil sehr gut angreifbar, da die große Ringspannung des 

kleinen Heterozyklus (113 kJ/mol)[1] eine Triebkraft für eine Fülle an Folgereaktionen darstellt. 

Durch seine hohe Reaktivität in Kombination mit seiner Leichtflüchtigkeit ist Ethylenoxid eine 

Verbindung, die mit Vorsicht gehandhabt werden muss. Bei der Verwendung und dem Umgang 

mit Ethylenoxid muss dessen extrem hohe Toxizität und Kanzerogenität bedacht werden, die es 

jedoch wiederum ermöglichen, EO zur Niedertemperatursterilisation von hitzeempfindlichen 

Materialien zu verwenden. EO tötet zuverlässig Bakterien, Schimmel und Pilzsporen jeder Art 

ab. Insbesondere wird es zur Sterilisation von empfindlichen Materialien wie Kunststoff-

produkten (z. B. Verbandmaterial, Spritzen, Katheter) in der Klinik verwendet, da in diesen 

Fällen keine Möglichkeit zur Dampfsterilisation bei hohen Temperaturen besteht. Für den 

Umgang im Labor mit EO ist eine sichere Verpackung und Handhabung unerlässlich. Ein 

vollständiger Umsatz bei der Polymerisation bzw. die rückstandslose Entfernung sind sicher-

zustellen. 

Poly(ethylenglykol)e (PEGs) sind Polymere des Ethylenoxids mit der allgemeinen Formel 

HO(CH2CH2O)n-H, wobei n die durchschnittliche Anzahl an Wiederholungen der Oxyethylen-

Gruppe angibt. Der Wert n entspricht somit dem Polymerisationsgrad. Die offizielle IUPAC-

Bezeichnung des PEG lautet „Poly(oxyethylene)-α-hydro-ω-hydroxy“, bezogen auf die 

chemische Struktur der Wiederholungseinheit. Auch der geläufigere Name „Poly(ethylene 

oxide)“ ist nach den IUPAC-Regeln erlaubt, da er das Polymer anhand der Struktur der 

Ausgangsverbindung beschreibt. 

Die ersten Poly(ethylenglykol)e und Poly(ethylenglykol)acetate erhielt 1859 Wurtz durch 

Reaktion von Ethylenoxid mit Wasser, Ethylenglykol und Essigsäure. Als er Ethylenoxid mit 

Alkali- oder Zinkchlorid umsetzte, fand er kristallines Poly(ethylenglykol) als Produkt. Bereits 

1929 untersuchte Hermann Staudinger die Polymerisation von Ethylenoxid mit verschiedenen 

Katalysatoren und erhielt Poly(ethylenglykol)e unterschiedlicher Molmassen.[2] In der Folge 
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wurden Poly(ethylenglykol)e durch Basenkatalyse bzw. Initiierung durch Alkoholate kom-

merziell nutzbar gemacht und nach und nach der genaue Polymerisationsmechanismus 

aufgeklärt. 

Die Herstellung von PEG ist über verschiedene ringöffnende Polymerisationsmechanismen 

möglich – sowohl anionische und kationische als auch koordinative Strategien. Für die Synthese 

von wohldefinierten Polymerstrukturen mit enger Polydispersität wird die oxyanionische Poly-

merisation bevorzugt, da sie ohne Nebenreaktionen abläuft, vorausgesetzt alle Reaktionspartner 

werden sorgfältig gereinigt und getrocknet. Bei der kationischen Polymerisation von EO lassen 

sich als Initiatoren Lewis-Säuren, beispielsweise BF3 oder SbF3 verwenden. Wählt man einen 

kationischen Weg zur ringöffnenden Polymerisation von EO, so ist der Weg über den 

„aktivierter-Monomer-Mechanismus“ anstelle des Kettenenden-Mechanismus zu bevorzugen, da 

hierbei „Back-biting“-Vorgänge, die zu zyklischen Oligomeren führen können, unwahr-

scheinlicher sind. Die verschiedenen Mechanismen der Ringöffnungspolymerisation von 

Ethylenoxid zeigt Abbildung 3. 

 

 
Abb. 3 Mechanismen: Anionischer, kationischer Kettenenden- und kationischer „aktivierter-Monomer-
Mechanismus“ der ringöffnenden Polymerisation von Ethylenoxid (EO). 
 

Auch mit Hilfe der Doppelmetallcyanid (DMC)-Katalyse lässt sich PEG herstellen. Der 

Polymerisationsmechanismus ist hier koordinativer Art, wobei Katalysatoren wie Zn3[Co(CN)6]2 

verwendet werden. Da diese Herstellungsart allerdings sehr kostenintensiv und die nach-

trägliche Abtrennung des Katalysators aufwändig ist, verwendet man das Verfahren 

großtechnisch hauptsächlich zur Poly(propylenoxid)-Synthese. Die bei diesem Monomer sonst 

auftretenden Nebenreaktionen (Umlagerungen, die zu Allyl- bzw. Propenyl-funktionalisierten 

Ketten führen) können durch die DCM-Katalyse erfolgreich unterdrückt werden, sodass der 

Nutzen bei der PPO-Herstellung den zusätzlichen Aufwand rechtfertigt. 
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Da die anionische Ringöffnungspolymerisation eine sehr gute Kontrolle der Struktur und des 

Molekulargewichts bietet, ist sie seit langem im Labor wie auch in der Technik die Methode der 

Wahl zur Herstellung von PEG bzw. PEO (Abbildung 4). Die anionisch ringöffnende 

Polymerisation von Epoxiden gelingt prinzipiell mit einer Reihe von Alkyl- oder Oxyanion-

Initiatoren, beispielsweise Kalium- und Cäsiumalkoholaten. Lithiumalkyle und Lithium-

alkoholate, die bei carbanionischen Polymerisationen von Vinylmonomeren wie Styrol 

eingesetzt werden, eignen sich generell nicht zur Polymerisation von Epoxiden, da in diesem 

Fall ein sehr stabiles Kontaktionenpaar am Alkoholat-Kettenende ausgebildet wird. Ist das 

Gegenion des propagierenden Makroanions ein Li+-Kation, so findet lediglich eine einmalige 

Ringöffnung statt, aber keine weitere Anlagerung von Epoxiden. Dies nutzt man, um 

carbanionische Polymerisationen gezielt durch Zugabe von Epoxiden abzubrechen. 

 

 
Abb. 4 Synthese verschiedener PEG-Strukturen durch anionische Polymerisation. 
 

Auf diesem Weg lassen sich durch Zugabe von Ethylenoxid zu lebenden Polystyrolanionen 

(vgl. Infokasten1) beispielsweise hydroxylfunktionelle Polystyrole herstellen.[3] Die 

Geschwindigkeit der oxyanionischen Polymerisation ist abhängig vom Gegenion des wachsenden 

Kettenendes. Je größer („weicher“) das Gegenion ist, desto weniger stark wird es an das 

propagierende Oxyanion gebunden. Dies bedeutet im Fall der Alkalimetalle, dass Li+-Organyle 

keine Polymerisation zeigen, während die größeren Homologen der Gruppe, also K+ und Cs+, 

das wachsende Kettenende weniger blockieren und eine hohe Polymerisationsgeschwindigkeit 

möglich ist. Weiterhin besteht die Möglichkeit, Chelatliganden wie Kronenether zur Komplex-
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ierung des Kations einzusetzen, was ebenfalls die Bindungsfähigkeit des Kations an das 

wachsende Kettenende verringert.  

Auch im industriellen Maßstab wird PEG hauptsächlich anionisch ringöffnend aus Ethylenoxid 

dargestellt. Als Initiator wird hier Natrium- oder Kaliumhydroxid verwendet, und es wird 

bevorzugt ohne Lösungsmittel gearbeitet. 

Für PEG mit einer geringen und mittleren Molmasse von 200 bis 35.000 g/mol hat sich die 

Bezeichnung „Poly(ethylenglykol)“ eingebürgert. Für Polymere mit höherer Molmasse hat sich 

die Bezeichnung „Poly(ethylenoxid)“ (PEO) etabliert. Grundsätzlich wird PEG jedoch in allen 

Bereichen, in denen es um Biokompatibilität geht, nicht als „Poly(ethylenoxid)“ bezeichnet, 

nicht zuletzt auch, um das Mitschwingen der bekannten und für biomedizinische oder 

kosmetische Anwendungen unerwünschten Toxizität von Ethylenoxid schon im Namen zu 

vermeiden. 

Ungewöhnliche Eigenschaften von PEG 

PEG bildet keine Fasern, trägt lediglich zwei endständige Funktionalitäten, es weist im 

Festkörper keine außergewöhnlichen mechanischen Eigenschaften auf, kurz, es besitzt als 

Material selbst keine besonderen Eigenschaften und ist somit auf den ersten Blick eigentlich  

 

 

1) Lebende Polymeranionen 
Mit Hilfe der anionischen 
Polymerisation lassen sich 
prinzipiell Polymere mit sehr 
engen Molekulargewichtsvertei-
lungen herstellen. Vorausset-
zungen hierfür sind Monomere, 
die unter den anionischen 
Bedingungen keinerlei Neben-
reaktionen eingehen können und 
Initiatoren, welche eine funktio-
nelle Gruppe tragen, die mindes-  
tens genauso reaktiv ist wie das entstehende Kettenende während des Kettenwachstums. Dies ist ein 
entscheidendes Kriterium für die spätere Molekulargewichtsverteilung, da nach der Zugabe des Initiators möglichst 
alle Ketten gleichzeitig starten sollten, um bis zum Ende der Polymerisation in etwa gleich lang zu werden. Sind 
alle Monomermoleküle verbraucht, ist das Kettenende immer noch reaktiv, da ja keine Nebenreaktionen ablaufen 
können. Man spricht in diesem Fall von lebenden Polymeranionen. Es kann nun weiteres Monomer zugegeben 
werden. Möglich ist auch der Abbruch der Reaktion durch die Zugabe eines Terminierungsreagenz. Mit einigen 
Reagenzien lassen sich an den Kettenenden funktionelle Gruppen einführen. Neben Epoxiden lassen sich auch 
Monomere mit völlig anderen reaktiven Gruppen anionisch zu Polymeren umsetzen. Das prominenteste Beispiel 
ist das Vinylbenzol, welches unter dem Namen Styrol wesentlich bekannter ist. Lösungen lebender 
Polystyrolanionen weisen eine rötliche Farbe auf. 
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„eine graue Maus“ unter den Polymermaterialien. Was macht nun dieses Material so wichtig und 

vielseitig? 

Das Erscheinungsbild von PEG hängt stark vom Molekulargewicht ab. Poly(ethylenglykol)e 

mit einer mittleren Molmasse bis zu 400 g/mol sind bei Raumtemperatur nichtflüchtige 

Flüssigkeiten, was für eine Reihe von Anwendungen von Vorteil ist. PEG 600 hingegen weist 

einen Schmelzbereich von 17 bis 22 °C auf, woraus eine flüssige Konsistenz bei Raum-

temperatur und eine pastenartige Konsistenz bei tieferen Temperaturen resultiert. Für Molekül-

massen über 2000 g/mol wird PEG dann als feste Substanz erhalten, entweder als Flocken oder 

als feines Pulver. Härte und Schmelzpunkt steigen mit dem Molekulargewicht an, bis der 

Schmelzpunkt bei höheren Molekulargewichten einen konstanten Wert von etwa 60 °C 

erreicht. Durch Mischung von niedermolekularen mit festen PEGs lassen sich wasserlösliche 

Produkte von salbenartiger Konsistenz herstellen, d. h. durch Abmischen von PEGs mit 

unterschiedlichem Molekulargewicht lässt sich der Schmelzpunkt der Mischung präzise im 

physiologisch relevanten Bereich einstellen. Niedermolekulares PEG wirkt somit wie ein 

Weichmacher für die höhermolekulare Komponente. Dies hat zentrale Bedeutung für viele 

Anwendungen in der Pharmazie.[4] 

Die wichtigsten und tatsächlich einzigartigen Eigenschaften von PEG, die im folgenden 

Abschnitt diskutiert werden sollen, sind seine Wasserlöslichkeit und die fast nicht vorhandene 

bzw. extrem geringe Toxizität. Niedermolekulare PEGs sind in jedem Verhältnis mit Wasser 

mischbar. Mit steigendem Molekulargewicht nimmt die Wasserlöslichkeit etwas ab. Selbst von 

einem PEG 35000 können jedoch bei Raumtemperatur noch 50%ige homogene Lösungen 

hergestellt werden! Die hervorragende Wasserlöslichkeit von Poly(ethylenglykol) ist bei näherer 

Betrachtung vor allem im Vergleich zu anderen aliphatischen Polyethern verblüffend und auf 

den ersten Blick für den Polymerchemiker nicht verständlich. Tatsächlich existiert nur ein 

einziges weiteres wasserlösliches Polymer unter den Polyethern, und zwar 

Poly(vinylmethylether). Alle anderen aliphatischen Polyether wie Polyoxymethylen und 

Polymere der höheren Ether sind absolut wasserunlöslich (Tabelle 1). 

Fast alle der in Tabelle 1 aufgelisteten aliphatischen Polyether spielen in der Technik eine 

wichtige Rolle und werden im großen Maßstab hergestellt, mit der Ausnahme von Poly-

acetaldehyd und Polytrimethylenoxid. Das Homologe mit nur einer Methylengruppe, 

Poly(oxymethylen) (POM), das Polymer des Formaldehyds, das zugleich das einfachste 

Polyacetal darstellt, wird wegen seiner extrem guten und schnellen Kristallisation und den 
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daraus resultierenden hervorragenden mechanischen Eigenschaften als Konstruktionswerkstoff 

eingesetzt. Es findet sich beispielsweise in Zahnrädern, in Automobilen oder im Modellbau, und 

jeder Chemiker hatte es in Form von Keck-Kegelschliffklemmen schon in den Händen. 

 
Tab. 1 Die wichtigsten aliphatischen Polyetherstrukturen.5 

Polymer Formel wasserlöslich (l)/unlöslich (u) 

Polymethylenoxid (POM) CH2O  u 

Polyacetaldehyd 
CHO
CH3  

u 

Poly(ethylenoxid) (PEG) CH2O CH2  l 

Polypropylenoxid (PPO) 
CH2O CH

CH3  
u 

Polytrimethylenoxid CH2O CH2 CH2  u 

Polytetrahydrofuran CH2O CH2 CH2 CH2  u 

 

Die erstaunliche und einzigartige Wasserlöslichkeit von PEG ist auf den Abstand der sich 

wiederholenden Sauerstoffatome in der Polymerkette zurückzuführen, der etwa dem Abstand 

der Sauerstoffatome in flüssigem Wasser entspricht und so die Ausbildung eines ausgedehnten 

(ungespannten) Wasserstoffbrücken-Netzwerks zwischen der PEG-Kette und den Wassermole-

külen erlaubt, also eine sehr effektive Hydrathülle ermöglicht. Dies konnte durch Molekular-

simulationen und theoretische Arbeiten belegt werden.[5] 

Beim Polyoxymethylen, das zwar anteilsmäßig mehr Sauerstoff in der Polymerkette trägt, ist 

der Abstand zweier benachbarter Sauerstoffatome zu gering, um die für die Wasserlöslichkeit 

nötige Hydrathülle auszubilden. Im Polypropylenoxid, das ja denselben Abstand der 

Sauerstoffatome entlang der Kette aufweist, wird die Anlagerung der Wassermoleküle durch die 

aus der Polymerhauptkette herausragenden unpolaren Methylgruppen so sehr gestört, dass auch 

Poly(propylenoxid), PPO, wasserunlöslich und recht lipophil ist. Dieser Sachverhalt wird bei 

den technisch hergestellten amphiphilen Copolymeren von PEG und PPO ganz gezielt genutzt 

(s.u.). 

Im Gegensatz zu den meisten anderen Substanzen lässt sich die Wasserlöslichkeit von PEG 

bzw. seiner Derivate durch Erwärmung nicht unbegrenzt steigern. PEG gehört zur Gruppe der 

thermoresponsiven Polymere, die bei Erhöhung der Temperatur weniger gut löslich in Wasser 
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werden. Nur unterhalb einer kritischen Entmischungstemperatur (LCST, engl.: lower critical 

solution temperature) kann die hydrophile Oberfläche des Polymers die oben beschriebene 

Hydrathülle ausbilden und die Polymerkette liegt relativ gestreckt vor. Über der kritischen 

Entmischungstemperatur liegt dann Unlöslichkeit in Wasser vor.5 

Die zweite herausragende Eigenschaft von PEGs sind ihre außergewöhnlich niedrigen 

Toxizitätswerte, sowohl was die akute als auch die chronische Toxizität bei oraler und 

intravenöser Aufnahme betrifft, als auch im Hinblick auf die Embryotoxizität und 

Hautverträglichkeit. Bei einer Reihe von Untersuchungen wurde zudem festgestellt, dass die 

Aufnahme von PEG im Magen-Darm-Trakt mit steigender Molmasse sinkt. In Experimenten an 

Ratten wurde beispielsweise gezeigt, dass PEG mit einer Molmasse von 5000 g/mol innerhalb 

von 5 h nicht aus dem Darm resorbiert wird, während PEG mit 1000 g/mol bis zu 2% 

aufgenommen wird. Die mittlere letale Dosis bei oraler Verabreichung (LD50) einer 50%igen 

Lösung in Wasser liegt für Mäuse bei mehr als 50 g PEG pro kg Körpergewicht! Selbst bei 

intravenöser Verabreichung beträgt der LD50-Wert für Mäuse immerhin noch 6 g pro kg 

Körpergewicht! Die Ausscheidung von PEG erfolgt bei Molekulargewichten unter 

30.000 g/mol immer über die Nieren. Nierentoxizität konnte nur für PEG mit niedrigen 

Molmassen von 200–600 Da festgestellt werden. Die WHO („World Health Organisation“) 

legte für PEG einen ADI-Wert („akzeptable tägliche Aufnahme“) von 0–10 mg/kg 

Körpergewicht fest. Für die in PEG möglicherweise aus der Ringöffnungspolymerisation von 

EO enthaltenen niedermolekularen Verunreinigungen gelten für den Einsatz in kosmetischen 

Produkten die folgenden, strengen Grenzwerte: 1,4-Dioxan: 10 mg/kg, Ethylenglykol und 

Diethylenglykol: insgesamt 3 g/kg), Ethylenoxid: 1 mg/kg.[6] 

PEG in nichtionischen Tensiden 

Aufgrund seiner sehr guten Wasserlöslichkeit wird Poly(ethylenglykol) zur Darstellung vieler 

bedeutender nichtionischer, also ungeladener Tenside verwendet. Tenside sind oberflächen-

aktive Stoffe, weshalb sie in Englisch auch als Surfactants (surface active agents) bezeichnet 

werden, die überall dort zum Einsatz kommen, wo es um die Verringerung von Oberflächen-

spannungen geht. Als waschaktive Substanzen (Detergentien) lösen sie beispielsweise fettigen 

Schmutz von Textilfasern oder Geschirr im Waschwasser auf, und als Emulgatoren sorgen sie 
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dafür, dass Emulsionen und Suspensionen stabil bleiben und sich nicht wieder in ihre 

Bestandteile zerlegen. 

Im Allgemeinen bestehen die Moleküle solcher Substanzen aus einem hydrophilen und einem 

lipophilen Teil. Der hydrophile Teil kann entweder anionischer (z. B. Carboxylat-, Sulfonat-

gruppen), kationischer (z. B. quartärnere Ammoniumgruppen) oder nichtionischer Natur sein. 

 

 
Abb. 5 HLB-Werte und Einsatzgebiete von Tensiden.[7] 

 

Bei nichtionischen Tensiden beruht die Wasserlöslichkeit auf der Anwesenheit nichtionischer 

polarer Funktionen wie Hydroxylgruppen oder eben dem Einsatz von PEG. Das Polymer ist 

hierbei meist über Ester- oder Etherbindungen an den lipophilen Block gebunden, welcher 

gewöhnlich aus langkettigen Alkylresten wie Fettsäuren oder Fettalkoholen besteht. Zu den 

wichtigsten Vertretern dieser nichtionischen Tenside zählen PEG-Monoalkylether, PEG-

Monoalkylphenylether (Alkylphenolethoxylate), PEG-Fettsäureester, PEG-Glycerylfettsäure-

ester, PEG-Sorbitanfettsäureester und Poloxamere, d. h. Blockcopolymere von Poly(propylen-

oxid) und PEG. Die wichtigsten Strukturen sind in Abbildung 6 dargestellt. 
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ABB. 6 Wichtigste PEG-Tenside, die vielfach in kosmetischen und pharmazeutischen Produkten zum 
Einsatz kommen; blau: hydrophiles PEG-Segment. 
 

Die Kettenlängen der einzelnen Teile haben dabei einen entscheidenden Einfluss auf die 

Eigenschaften des Tensids: Ist der PEG-Block groß, weist das Tensid einen hohen HLB-Wert auf 

(HLB – Hydrophilic-Lipophilic Balance, vgl. Abbildung 5), und eignet sich zur Darstellung von 

O/W-Emulsionen („Öl in Wasser“). Nichtionische Emulgatoren für W/O-Emulsionen haben 

hingegen nur wenige Ethylenoxideinheiten und weisen einen geringen HLB-Wert auf. Für jedes 

nichtionische Tensid kann der HLB-Wert chromatographisch oder aus dessen Dielektrizi-

tätskonstante bestimmt werden. Die Skala orientiert sich an der Wasserlöslichkeit der ober-

flächenaktiven Substanz. Kleine Werte bedeuten eine geringe Löslichkeit in Wasser, hohe 

dagegen eine gute. Aus dem für ein Tensid ermittelten HLB-Wert lässt sich auch ein möglicher 

Verwendungszweck ableiten. Zur Stabilisierung von W/O-Emulsionen werden zum Beispiel 

Tenside mit HLB-Werten von 3–6 benötigt, Tenside für O/W-Emulsionen sollten HLB-Werte 

im Bereich von 8–18 aufweisen. 

So hat PEG-2-Stearylether beispielsweise einen HLB-Wert von 4,9, während PEG-23-

laurylether einen HLB-Wert von 16,9 aufweist. Der Laurylether findet Anwendung in der 

Biochemie, da er Proteine aus Lipidmembranen lösen kann, ohne diese dabei zu denaturieren. 
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Bedeutend in der Reihe der Alkylphenolethoxylate sind vor allem Nonoxinol-9 und 

Nonoxinol-40, 4-Nonylphenylethoxylate mit durchschnittlich 9 und 40 Ethylenoxideinheiten. 

Nonoxinol-9 war lange Zeit Bestandteil vieler Reinigungsmittel, wurde jedoch aufgrund der 

toxischen Wirkung von 4-Nonylphenol, einem Abbauprodukt des Tensids, auf Lebewesen in 

kontaminierten Gewässern von der EU zum Einsatz in Reinigungsmitteln verboten. Wegen 

seiner spermiziden Wirkung ist es Bestandteil einiger Verhütungsmittel. Nonoxinol-40 spielt in 

der Biochemie bei der Solubilisierung von Lipidmembranen eine Rolle. 

Im Gegensatz zu den bisher vorgestellten nichtionischen Tensiden, besteht der lipophile Teil 

der Poloxamere, auch unter dem Handelsnamen Pluronics® bekannt, nicht aus Fettsäureresten 

oder Fettalkoholen, sondern aus einem vollsynthetischen Polypropylenoxidblock. Dieser wird 

von zwei PEG-Blöcken flankiert, so dass es sich bei Poloxameren um ABA-Triblock-Copoly-

mere handelt, deren Eigenschaften als oberflächenaktive Substanzen durch Veränderung der 

einzelnen Blocklängen sehr gut eingestellt werden können. 

Was macht PEG in Kosmetikprodukten? 

Schauen wir uns doch einmal einige der kosmetischen Produkte unseres Alltags an, mit denen 

wir täglich in Berührung kommen (Abbildung 7): Shampoo, Zahnpasta, Cremes, Lotionen, 

Haarstyling- und Make-Up-Produkte. In so gut wie allen wird man ein oder mehr Bestandteile 

finden, die PEG enthalten. Auch dessen anionische oder nichtionische Derivate werden in 

Kosmetika vielfach als Tenside, Emulgatoren und Feuchthaltemittel verwendet. 

In Kosmetika wird entweder PEG selbst eingesetzt oder seine vielfältigen Derivate, in denen 

PEG als wasserlöslicher Block fungiert. Mit ihren zwei terminalen Hydroxylgruppen ist eine 

PEG-Kette in der Lage, sowohl Mono- als auch Diester oder -ether zu bilden, und zwar 

entweder durch Verwendung von langkettigen Carbonsäuren (meist Fettsäuren) oder Alkoholen 

als Initiator für die Polymerisation von Ethylenoxid oder durch nachträgliche Veresterung oder 

Veretherung dieser mit PEG. 

Zu den wichtigsten PEG-Derivaten zählen daher PEG-Fettsäureester (z. B. PEG-Laurat, 

Dilaurat, Stearat oder Distearat), PEG-Ether (z. B. PEG-Laureths, Ceteths, Ceteareths oder 

Oleths), PEG-Aminether (z. B. PEG-Cocoamine) sowie PEG-Rizinusöl, PEG-Bienenwachs oder 

PEG-Sojasterin. Die Namen der PEG-Ester und -Ether leiten sich jeweils von den Trivialnamen 

der enthaltenen gesättigten und ungesättigten Fettsäuren (für die PEG-Ester) bzw. 
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Fettsäurealkohole (bei den PEG-Ethern) ab: Laurin- (C12, gesättigt), Cetin/Palmiton- (C16, 

gesättigt), Stearin- (C18, gesättigt), Öl- (C18, einfach ungesättigt), Cetearin- (Mischung aus 

C16 und C18). Die Ziffer im Namen gibt die Anzahl der Ethylenglykol-Wiederholungseinheiten 

im Molekül an. Oleth-20 beispielsweise besteht aus einem C18-Alkohol, verethert mit einem 

PEG-Molekül mit durchschnittlich 20 Wiederholungseinheiten, was etwa PEG-900 entspricht. 

Auch Copolymere von PEG mit Silikonen (hauptsächliche Polydimethylsiloxane, 

Dimethicone genannt) finden Anwendung in Kosmetikprodukten, vor allem in 

Haarpflegeprodukten zur Glättung und Kämmbarkeitsverbesserung. 

 

 
Abb. 7 PEG-haltige Produkte (1: Haarwachs, 2: Duschgel, 3: Rasierschaum, 4: Flüssigseife, 5: Zahn-
pasta) im Alltagsgebrauch; auf der rechten Seite der Abbildung sind die auf den jeweiligen Verpackungen 
angegebenen Handelsnamen der enthaltenen PEG-Derivate aufgelistet. Vor allem nichtionische PEG-
Tenside spielen eine wichtige Rolle. 
 

Unmodifiziertes PEG, vor allem solches mit relativ niedrigen Molekulargewichten, wird häufig 

als gut bioverträgliches Lösungsmittel in Cremes verwendet oder auch als Feuchthaltemittel 

zugegeben. Bei höheren Molekulargewichten (ab 2000 g/mol) kann PEG auch zur Einstellung 

einer gewünschten Viskosität (d. h. der Zähflüssigkeit) bzw. zur Stabilisierung von Emulsionen 

zugesetzt werden (siehe auch Abschnitt zu PEG-Tensiden). 

Von noch größerer Bedeutung im Kosmetikbereich als PEG selbst sind seine Derivate. Die 

schon angesprochenen Tensideigenschaften von Molekülen mit ihrem hydrophilen PEG-

Rückgrat und hydrophoben, langkettigen Kohlenwasserstoffresten sind aus den meisten 

Kosmetikprodukten nicht mehr wegzudenken. Speziell in Hautpflegeprodukten bilden Tenside 
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die wichtigste Komponente, um Wasser und Fette zu vermischen und so z. B. fetthaltige 

Cremes herzustellen. In Reinigungsmitteln wie Duschgel oder Seife finden Tenside 

Verwendung, um die „Löslichkeit“ von Fett- oder Schmutzpartikeln, die am Körper haften, in 

Wasser zu verbessern. Die wichtigsten Tensidstrukturen auf PEG-Basis sind in Abbildung 6 

dargestellt. 

PEG in der Pharmazie 

Durch Mischen eines festen und eines flüssigen PEG, beispielsweise 50% PEG 1500 und 50% 

PEG 300, kann eine wasserlösliche Salbengrundlage erzeugt werden, die sich wegen ihrer 

breiten Löseeigenschaften für viele aktive Substanzen eignet. So wird PEG in allen Gebieten der 

pharmazeutischen Technologie als Wirkstoffträger verwendet. PEGs werden weiterhin zur 

Herstellung flüssiger Zubereitungen – wie Tropfen oder Injektionspräparate – sowie zur Füllung 

von Gelatinekapseln verwendet, da sie diese nicht anlösen oder verspröden. Suppositorien 

(„Zäpfchen“) auf der Basis von PEG (in diesem Anwendungsgebiet oft als „Macrogol“ bezeichnet) 

können genau auf die Körpertemperatur eingestellt werden. Das Freisetzen der Wirksubstanzen 

erfolgt jedoch nicht durch Schmelzen, sondern durch das Auflösen der PEG-Matrix in der 

Darmflüssigkeit im Rektum. PEGs werden ganz allgemein als Lösevermittler und Hilfsmittel 

beim Tablettieren und Dragieren eingesetzt. 

Darmspiegelungen stellen in fortgeschrittenem Lebensalter eine zunehmend wichtige 

Vorsorgemaßnahme dar, um Frühstadien des Darmkrebs zu diagnostizieren, einer der häufigsten 

Krebsarten. PEG wird zur Reinigung des Darmes vor einer solchen Untersuchung eingesetzt. 

Dazu werden im Vorfeld der Untersuchung 2 L einer konzentrierten PEG Elektrolyt-Lösung 

(PEG-EL) getrunken, was eine stark abführende Wirkung hat. In Analogie wird zur Behandlung 

einer Verstopfung Macrogol 4000 angewendet. In diesem Fall werden pro Tag 10–20 g eines 

PEG-Pulvers eingenommen. 

Darüber hinaus gibt es eine Fülle weiterer Spezialanwendungen von PEG in der Pharmazie 

und Medizin, die hier nicht alle behandelt werden können. So werden PEGs beispielsweise in 

der Augenheilkunde als Bestandteil künstlicher Tränenflüssigkeiten zur Behandlung von 

Augentrockenheit verwendet. Weiche Kontaktlinsen beinhalten PEG-Blöcke, um Hydrophilie 

und damit Benetzbarkeit bzw. Quellbarkeit durch die Tränenflüssigkeit zu erzielen. 



 1 Introduction 28 

Am Ende dieses Abschnitts soll noch ein kritischer Punkt vermerkt werden: PEG kann 

penetrationsfördernd wirken, d.h. die Darmwand bzw. die Haut wird durchlässiger für 

Wirkstoffe, aber ebenso für Gifte, die somit leichter in den Körper gelangen können. Aus 

diesem Grund wird die Verwendung in einigen Produkten kontrovers diskutiert. 

Kovalente Biokonjugation: „PEGylierung“ 

Die kovalente Verknüpfung von monofunktionellen PEG-Ketten (mPEG) mit Wirkstoffen oder 

Proteinen wird als „Pegylierung“ (bzw. „PEGylierung“) bezeichnet. Für die Konjugation 

niedermolekularer Wirkstoffmoleküle, Oligonucleotide und siRNA wird vorrangig PEG mit 

Molmassen von 20–40 kDa eingesetzt. Außer der Molmasse spielt auch der Polydispersitäts-

index (PDI, Breite der Molekulargewichtsverteilung) von PEG eine wesentliche Rolle für 

pharmazeutische und medizinische Anwendungen dieser Art. 

Ein PDI unter 1,1 gilt als Grundvoraussetzung, um eine akzeptable Homogenität des 

Polymers und damit eine reproduzierbare Aufenthaltsdauer im Körper und Immunogenität des 

Transportsystems zu gewährleisten. PEG erfüllt diese Voraussetzungen, da die Synthese des 

Polymers durch anionische Polymerisation von Ethylenoxid einen PDI um 1,01 ermöglicht. Bei 

20–50 kg/mol Molekulargewicht erreichen die Konjugate eine Größe, die über der Nieren-

schwelle liegt und die rasche Ausscheidung verhindert, also eine verlängerte Zirkulationszeit im 

Blutkreislauf ermöglicht. 

Durch die rasanten Fortschritte in der Bio- und Gentechnologie sind viele Proteine in 

wirtschaftlich interessanten Mengen zugänglich geworden. Einige davon eignen sich aufgrund 

ihrer Wirkungen im menschlichen Körper prinzipiell als Arzneimittel, wie das allgemein als 

Antidiabetikum bekannte Hormon Insulin. Einer allgemeinen Anwendung solcher Peptide als 

Therapeutika stehen allerdings deren rascher Abbau durch Peptidasen (Enzyme zur Verdauung 

von Proteinen) sowie die häufig beobachtbaren Immunreaktionen auf die körperfremden 

Biomoleküle entgegen. In den letzten Jahrzehnten hat sich die kovalente PEGylierung als 

hervorragende Methode zur Verlangsamung des beschriebenen Abbaus und zur Verringerung 

der Immunogenität beziehungsweise Allergenität dieser Peptide herauskristallisiert.[8] Das 

hochflexible, wasserlösliche Polymer schirmt dabei das PEGylierte Protein ab und erschwert so 

den Zugang zu dessen Oberfläche für Peptidasen und Antikörper. Letztere können bestimmte 

Strukturen der Proteine (sogenannte Epitope) identifizieren und anschließend eine 
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Immunreaktion auslösen. Durch die verringerte Abbaugeschwindigkeit verlängert sich der 

Zeitraum, in dem sich das Protein, in diesen Fällen das Protein-Polymer-Konjugat, in 

therapeutisch relevanten Konzentrationen in der Blutbahn befindet, wodurch das entsprechende 

Medikament in größeren Zeitabständen verabreicht werden kann. 

 

 
Abb. 8 Pegyliertes Interferon: Die PEG-Ketten (grau/rot) schirmen das Protein gegen 
Phagozytenangriff und schnellen Abbau ab. 
 

Ein gravierender Nachteil der PEGylierung äußert sich in der zum Teil drastisch reduzierten 

Bioaktivität des modifizierten Proteins in vitro, da auch das aktive Zentrum durch das Polymer 

abgeschirmt wird, wodurch die Rezeptor-Ligand-Wechselwirkung geschwächt wird. Zudem 

können Polymerketten, die in der Nähe des aktiven Zentrums an das Protein gebunden sind, 

eine Änderung der räumlichen Anordnung dieses Zentrums bewirken, was ebenfalls in einer 

geringeren Bioaktivität resultiert. Obwohl dieser Effekt in vivo durch die längeren 

Zirkulationszeiten überkompensiert wird, sind natürlich weniger stark reduzierte Bioaktivitäten 

wünschenswert, da so die zu verabreichende Dosis verringert werden kann. In einigen Fällen 

wurden durch die Verwendung eines Poly(ethylenglykol)s mit verzweigter Struktur im 

Vergleich zu den Konjugaten mit den meistverwendeten linearen mPEGs höhere Bioaktivitäten 

und längere Zirkulationszeiten beobachtet. Auch das auf dem Markt befindliche Pegasys® 
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besteht aus einem mit einem verzweigten PEG konjugierten Protein (Interferon-α-2a, wirksam 

gegen Hepatitis C, Abbildung 8). Einige bereits auf dem Markt befindliche, PEGylierte Proteine 

sind in Tabelle 2 aufgelistet.[9] 

Nicht nur Proteine lassen sich mit PEG nutzbringend konjugieren, sondern auch Liposomen 

(vesikuläre Lipidstrukturen), die zur Verkapselung und zum Transport von Wirkstoffen 

eingesetzt werden. Liposomen aus gängigen Phospholipiden werden im Blutkreislauf schnell 

durch Makrophagen angegriffen und abgebaut. Eine Modifikation von Liposomen mit PEG lässt 

sich durch die Zugabe von PEG-haltigen Lipiden zu Phospholipiden erreichen. Dies führt zu 

stark verminderter Aufnahme und Abbau durch die Leber und verlängerten Zirkulationszeiten 

der Liposomen im Blutkreislauf, wodurch die Abgabe und Wirkungsdauer des verkapselten 

Pharmakons wesentlich verlängert werden können. Solche durch PEG abgeschirmten 

Liposomen werden als „Stealth-Liposomen“ bezeichnet, weil PEG hier die Funktion einer 

Tarnkappe übernimmt und so Erkennungs- und Abbaumechanismen des Körpers getäuscht 

werden können, in Analogie zum „Stealth-Tarnkappenbomber“, der nicht von Radarsystemen 

erfasst werden kann.[10] 

 
Tab. 2 Beispiele für PEGylierte Proteine auf dem Markt. 

Handelsname Protein Jahr Krankheit 

Adagen® Adenosindeaminase 1990 Schwerer kombin. Immundefekt 

Oncaspar® Asparaginase 1994 Akute lymphatische Leukämie 

PEG-Intron® Interferon-α-2b 2001 Hepatitis C 

Pegasys® Interferon-α-2a 2002 Hepatitis C 

Neulasta® G-CSF 2002 Neutropenie nach Chemotherapie 

Somavert® Antagonist des GHR 2003 Akromegalie 

Cimzia® Fab-Fragment eines TNF-α-Antikörpers 2008 Morbus Crohn 

 

PEG in Lebensmitteln? 
Tenside erfüllen in Lebensmitteln wichtige Funktionen (Abbildung 9). Sie dienen zur 

Stabilisierung von W/O-Emulsionen wie Butter und Mayonnaise, von O/W-Emulsionen wie 

Milch und Sahne, sie verhindern einen Fettaustritt bei Wurstwaren oder Schokolade und helfen 
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bei der Solubilisierung von Instantpulvern. Während in Milchprodukten und eihaltigen Waren 

wie Mayonnaise natürliche Emulgatoren wie oberflächenaktive Proteine oder Lecithine 

vorhanden sind, müssen zur Einstellung der gewünschten Eigenschaften mancher Lebensmittel-

produkte Tenside zugesetzt werden. 

 

 
Abb. 9 PEG in Lebensmitteln mit den auf den Verpackungen angegebenen E-Nummern der enthaltenen 
PEG-Derivate. Wiederum spielen nichtionische PEG-Tenside eine wichtige Rolle. 
 

Schaut man sich die Liste der in der EU zugelassenen Lebensmittelzusatzstoffe genauer an, findet 

man auch einige PEG enthaltende Substanzen. So verbirgt sich hinter der Nummer E 431 ein 

PEG-Stearat mit 40 Ethylenoxideinheiten; die bereits vorgestellten PEG-Sorbitanester finden 

sich unter den Nummern E 432-436 (Tabelle 3). E 433 (Polysorbat 80) ist in vielen 

Backmischungen zu finden. Polysorbat 60 findet sich beispielsweise in Eiscreme. 

 
Tab. 3 Polysorbate. 

Name Struktur Fettsäurerest E-Nummer 

Polysorbat 20 PEG-Sorbitanmonoester Laurat E 432 

Polysorbat 40 PEG-Sorbitanmonoester Palmitat E 434 

Polysorbat 60 PEG-Sorbitanmonoester Stearat E 435 

Polysorbat 65 PEG-Sorbitantriester Stearat E 433 

Polysorbat 80 PEG-Sorbitanmonoester Oleat E 436 
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PEG-Sorbitanfettsäureester werden durch die Umsetzung von Sorbitanfettsäureestern mit 

Ethylenoxid unter alkalischen Reaktionsbedingungen hergestellt (Abbildung 10). Das erhaltene 

Produkt ist ein Gemisch von PEG-Sorbitanmolekülen mit unterschiedlicher Anzahl an Fettsäure-

resten an allen möglichen PEG-Kettenenden. Da neben dem 1,4-Sorbitanester im ersten Schritt 

der Reaktion noch weitere Isomere erhalten werden, und die eingesetzten Fettsäuren durch 

andere Fettsäuren kontaminiert sind, erhöht sich die Zahl der in den PEG-Sorbitanfett-

säureestern vorhandenen Spezies weiter.[11] 

 

 
Abb. 10 Darstellung und Strukturen der Polysorbate. 
 

Je nach hauptsächlich eingesetzter Fettsäure werden diese Tenside unter verschiedenen 

Bezeichnungen gehandelt (Tabelle 3). So bezeichnet man PEG-Sorbitanmonooleat als Poly-

sorbat 80 oder Tween 80, wobei sich die Zahl in diesem Fall nicht auf die Anzahl der 

durchschnittlich im Molekül vorhandenen Ethylenoxideinheiten bezieht, welche in allen Fällen 

20 beträgt, sondern Art und Anzahl der eingesetzten Fettsäurereste codiert (Tabelle 3). Die 

Polysorbate eignen sich mit HLB-Werten von 10 bis 15 zur Darstellung von O/W-Emulsionen 

und finden sowohl in Kosmetika als auch in Arzneimitteln und Lebensmitteln Verwendung. 

PEG als Ionenleiter für Batterien 

Die Sauerstoffe in der PEG-Kette können sehr gut mit Li-Ionen wechselwirken und werden aus 

diesem Grund als Festelektrolyte verwendet. Die effiziente Speicherung von elektrischer 
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Energie wird in Zukunft immer mehr an Bedeutung gewinnen. Notwendig hierfür sind Akku-

mulator-Systeme, die den Anforderungen an eine sichere und effektive Stromspeicherung 

genügen. Vorreiter hierbei sind Lithium-Ionen-Akkumulatoren, bei denen Lithium-Ionen 

zwischen den Elektroden hin- und herwandern. Um diese Wanderung zu ermöglichen, benötigt 

man einen Elektrolyten, der Lithium-Ionen leitet. Dies können aprotische organische Lösungs-

mittel wie Ethylencarbonat sein. Der Nachteil hierbei liegt in der Entflammbarkeit dieser 

Flüssigkeiten und dem fehlenden Auslaufschutz. 

Eine Weiterentwicklung dieser Lithium-Ionen-Akkumulatoren mit flüssigen Elektrolyten sind 

die Lithium-Polymer-Akkus, bei denen der Elektrolyt ein auslaufsicheres (weil festes) und 

schwer entflammbares Polymer ist. Dazu sind PEG und verschiedene seiner Derivate hervor-

ragend geeignet. 

Die Ionenleitfähigkeit beruht hierbei auf der Kronenether-artigen Struktur einzelner kurzer 

PEG-Segmente, die die Wanderung der Lithium-Ionen zwischen den Elektroden ermöglichen. 

Allerdings kommen die so erzielbaren Lithium-Ionen-Leitfähigkeiten noch nicht an die der 

flüssigen Elektrolyte heran, da die Kristallisierfähigkeit des PEGs die Bewegung der Lithium-

Ionen wiederum behindert, sodass derzeit auf einen Mittelweg, die Quellung des Polymers in 

flüssiger Elektrolytlösung, zurückgegriffen werden muss. Die Entwicklung eines sicheren 

Polymer-Elektrolyten, der eine ausreichende Leitfähigkeit ohne Zugabe von organischen 

Lösungsmitteln garantiert, bleibt also eine Herausforderung für die aktuelle Forschung, bei der 

PEG und seine Derivate mit Sicherheit eine entscheidende Rolle spielen werden. 

Unerwartetes 

PEG bei der Restaurierung von Grabungsfunden oder alten Holzobjekten 

Bei der Konservierung von Grabungsfunden (Fossilien, archäologische Lederfunde oder 

Holzobjekte, die lange unter Wasser oder in feuchter Umgebung lagen) stellt die Austrocknung 

ein Grundproblem dar, da diese zu Schrumpfung und in der Folge zur Entstehung von 

Spannungen führt, die letztendlich im Zerfall der Fundobjekte resultieren. Mit Hilfe von PEG ist 

die Umwandlung solcher feuchter Objekte in langzeitstabile Trockenpräparate möglich. Die 

Konservierung erfolgt, indem man die Objekte entweder in einer PEG-Lösung tränkt oder mit 

einer solchen besprüht. Dabei wird das eingeschlossene Wasser schonend gegen PEG-Moleküle 

ausgetauscht, ohne dass es bei diesem Prozess zu größeren Volumenänderungen kommt. Je nach 
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Zustand des zu konservierenden Objekts kann hierfür PEG unterschiedlichen Molekulargewichts 

verwendet werden. 

Abbildung 11 zeigt ein berühmtes Holzobjekt, das auf diesem Wege für die Nachwelt erhalten 

wurde: Das Wrack der legendären Vasa, das prunkvolle Kriegsschiff des Schwedenkönigs Gustav 

II. Adolf von Schweden, das 1628 bereits bei seiner Jungfernfahrt sank und nach mehreren 

Jahrhunderten unter Wasser erst 1961 geborgen wurde. Nachdem verschiedene Materialien zur 

Konservierung des Schiffswracks getestet wurden, entschloss man sich dazu, die Vasa mit einer 

wässrigen Lösung von PEG zu besprühen, das ins Holz eindringen und das enthaltene Wasser 

verdrängen sollte. Ab 1965 wurde das Wrack aus 500 Düsen mit verschiedenen wässrigen PEG-

Lösungen besprüht. Die PEG-Konzentration wurde dabei mit der Zeit von 10 auf 45% erhöht. 

Die Konservierung mit PEG war erst nach 17 Jahren abgeschlossen![12] Interessanterweise wurde 

selbst nach 30 Jahren kein wesentlicher Abbau des zur Konservierung eingesetzten PEGs 

beobachtet.[13] 

 

 
Abb. 11 Legendäres Schiffswrack aus dem 17. Jahrhundert: Das königliche Schiff „Vasa“, mit PEG 
konserviert. 
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PEG in U-Booten und für Textilien 

Auch in der maritimen Kriegsführung spielt PEG überraschenderweise eine Rolle. Wird es 

durch seitlich an Schiffskörpern installierte Düsen ausgebracht, reduziert es die Viskosität des 

das Fahrzeug umströmenden Wassers und somit den hydrodynamischen Widerstand. Ferner 

werden Turbulenzen verringert, wodurch die propellerantriebsbedingten Geräusche gedämpft 

werden. Der Effekt ist abhängig vom Molekulargewicht des eingesetzten Polymers, weshalb 

besonders hochmolekulare PEGs (M ≥ 2·106 g/mol) zum Einsatz kommen.[14] Diese Techno-

logie ist insbesondere für Unterseeboote hochinteressant und wurde von der US Navy 

erfolgreich getestet. 

 

 
Abb. 13 Blockstruktur des Sympatex® Poly(etherester)s mit alternierenden PET und PEG Bausteinen. 
 

Nach diesen ungewöhnlichen Einsatzgebieten noch ein Anwendungsfeld, das allen 

Sportbegeisterten bestens bekannt sein dürfte: Funktionsbekleidung für schweißtreibende 

Aktivitäten im Freien (Skisport, Mountainbike, Trekking, etc.) enthält oft die bekannte 

„Sympatex®“-Membran, ein Textilgewebe, das für Wasser und Wind undurchlässig ist, Wasser-

dampf jedoch von innen nach außen transportiert. Auch diesen Effekt verdankt das Material dem 

PEG. Hydroxylfunktionelle PEG-Diole werden als hydrophiler und flexibler Baustein für 

Multiblockcopolymere mit abwechselnden hydrophilen und hydrophoben Segmenten ver-

wendet. Wird ein hydrophober und vergleichsweise steifer Poly(ethylenterephthalat) Block mit 

solchen hydrophilen und flexiblen Blöcken verknüpft, so entstehen durch die Unmischbarkeit 

der Blöcke hydrophile PEG-Domänen (mithin keine echten Poren!) im Material, die 

Wasserdampf aufnehmen und transportieren können (Abbildung 13). Eine solche „atmungs-

aktive“ Sympatex®-Membran muss zur Erzielung der gewünschten Transport- und Barriere-

wirkung nur 5–10 µm dick sein und wird mit einem Oberstoff aus Polyester laminiert, d.h. 

verklebt. Je größer der Temperatur- und Feuchtigkeitsunterschied zwischen innen und außen, 

umso mehr gasförmiges Wasser wird durch die Membran geleitet. 
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Weiterentwicklung von PEG: Wo liegen die aktuellen 

Herausforderungen? 

Am Ende dieses Artikels stellt sich die Frage, wo die aktuellen Fragestellungen zur 

Weiterentwicklung von PEG für den Chemiker liegen. Hierfür einige Beispiele: Verzweigte und 

damit polyfunktionelle PEG-Strukturen weisen einige vielversprechende Charakteristika auf. So 

besitzen sie eine große Anzahl von Endgruppen, die eine partielle oder vollständige weitere 

Funktionalisierung zulassen. Zudem behindern Verzweigungsstellen die Kristallisation, so dass 

komplett amorphes, nichtkristallines PEG erhalten werden sollte, wenn eine bestimmte 

Verzweigungsdichte überschritten ist. Kürzlich gelang so erstmals die Herstellung von 

baumartig folgeverzweigtem, also dendritischen PEG-Strukturen in einem Schritt. Dies lässt sich 

durch die direkte, einstufige Copolymerisation von EO mit Anteilen des Monomers Glycidol 

erreichen, das nach Ringöffnung zwei reaktive Funktionalitäten freisetzt, und so zur Entstehung 

der in Abbildung 14 dargestellten, dendritisch verzweigten PEG Struktur führt.[15] Die 

Biokompatibilität dieser Strukturen ist vergleichbar der des linearen PEG. Die Prüfung des 

Potentials solcher Strukturen in den nächsten Jahren kann zu weiteren, bislang unbekannten 

Anwendungsfeldern führen. 

 

 
Abb. 14 Hochverzweigtes und biokompatibles PEG durch Einbau von Glycerin-Verzweigungseinheiten. 
 

Innovative PEG-Strukturen spielen ferner eine große Rolle für die Weiterentwicklung der 

Biokonjugation mit Proteinen und Lipiden. In diesem Zusammenhang werden heterobi-

funktionelle PEG-Strukturen entwickelt, die zwei unterschiedliche Endgruppen tragen, die von 
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orthogonalen Umsetzungen angesprochen werden können. Auch die Synthese von PEG-Copoly-

meren mit weiteren Funktionalitäten innerhalb der Polyether-Kette stellt eine wichtige Aufgabe 

dar. Die Beschichtung von Oberflächen von Implantaten mit schwach vernetzten PEG-

Hydrogelnetzwerken ist ein weiteres wichtiges Thema, da so eine unerwünschte Protein-

ablagerung verhindert werden kann. Auf weitere Entdeckungen und Anwendungsperspektiven 

für PEG-basierte Strukturen darf man also gespannt sein! 

Zusammenfassung 

Poly(ethylenglykol) ist in unserem Leben allgegenwärtig. Wir begegnen diesem biokompatiblen 

und hervorragend wasserlöslichen Polymer, meist ohne dass uns dies bewusst ist, in fast allen 

Bereichen des alltäglichen Bedarfs: Von Haut- und Haarpflegeartikeln, über Kosmetik- und 

Styling-Produkten bis hin zu Lebensmitteln und Medikamenten. Selbst in der maritimen Militär-

technologie und bei der Konservierung geborgener Kulturgüter wird es eingesetzt. Dieser 

Artikel beschäftigt sich mit der Darstellung, den teils überraschenden Eigenschaften und der 

Anwendung dieses strukturell simplen, aber faszinierend vielseitigen Polymers. 

Summary 

Today, a life without poly(ethylene glycol) is hardly imaginable. One encounters PEG in nearly 

every aspect of our daily needs: from cosmetics to hairstyling products and from medicines to 

food. Even in maritime military technology and the preservation of recovered cultural 

possessions PEG can be found. This article deals with the synthesis, the surprising properties, 

and the application of this structurally simple yet fascinating and important polymer. 

 

Schlagwörter: Poly(ethylenglykol), biokompatibel, nichtionische Tenside, Kosmetik, 

PEGylierung, Polymerelektrolyt. 
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Abstract 

Due to the success of polymer therapeutics in the last decades and several launched 

polymer-based drugs, the scientific interest in these “nanopharmaceutics” is unbroken. 

Especially, when it comes to synthetic polymer/protein conjugates, poly(ethylene glycol) 

(PEG) is the gold standard polymer. However, like other synthetic polymers in the field, 

PEG suffers from its non-biodegradability, limiting its use in parental formulations to a 

molecular weight range with a specific upper limit, the renal excretion limit, to avoid 

polyether accumulation in human tissue. Therefore, several routes for the 

implementation of in-chain biocleavable moieties, such as acetals or disulfides, into PEG 

have been investigated. The strategies range from coupling reactions of commercial 

telechelic PEGs to custom-made PEG copolymers. 

 

 

Keywords: Biodegradation, poly(ethylene glycol), acetals, PEGylation, drug delivery  



 41 1.2 From Biocompatible to Biodegradable: Poly(ethylene glycol)s With In-Chain Cleavable Linkages 

Introduction 

Since the late 1970s, when Davis and coworkers covalently attached poly(ethylene glycol) 

(PEG) to bovine proteins,[1, 2] this versatile polyether has become the gold standard polymer in 

drug delivery systems. It exhibits a unique combination of desirable properties rarely found for 

any other synthetic or natural polymer. PEG is non-toxic, mostly non-immunogenic, chemically 

inert and soluble in water.[3] Further, it is inexpensive and can be produced in a wide range of 

molecular weights in a well-defined manner with very low polydispersity indices (PDI, Mw/Mn). 

The polyether is soluble in a variety of organic solvents, which gives access to a vast variety of 

chemical transformations of its terminal hydroxyl groups. Hence, its functionalities can easily be 

adjusted to the purpose of its application.[4-6] Besides the field of drug delivery, PEG is also an 

important component in some textiles, laxatives, and surfactants found in daily products, such as 

cosmetics and edibles.[7] 

Several different PEG-based drug delivery systems are subject to current pharmaceutical 

research, the most prominent being protein PEGylation,[3, 8-12] stealth liposomes,[13] and PEG-

based polymeric carriers for low molecular weight drugs.[9, 12, 14] While all of these methods use 

PEG because of its non-toxicity, non-immunogenicity and water solubility, they are based on 

different concepts. Therapeutically active proteins, although acting highly specific and effective, 

exhibit some inherent difficulties. They undergo fast proteolytic degradation and are often 

immunogenic, which results in very short body residence times and a fast decrease below the 

effective concentration. The covalent attachment of PEG (PEGylation) decreases renal 

elimination lowers enzymatic degradation rates and reduces the immunogenicity of the 

protein/synthetic polymer conjugate compared to the native protein. Altogether, these effects 

result in prolonged blood circulation times and bioavailability of the conjugates. The success of 

this concept is underlined by the fact that several PEG-protein conjugate drugs have already been 

approved by the Food and Drug Administration (FDA).[15] “Stealth liposomes” consist of 

phospholipid vesicles decorated with PEG chains, anchored to the vesicle`s membrane via lipid 

anchor groups, and designed as transporters for low molecular weight drugs. Similar to the 

PEGylation of proteins, the fastening of PEG chains prolongs blood circulation times of the 

liposomes.[13, 16] Polymeric carriers for small molecular weight drugs rely on Ringsdorf’s drug 

delivery concept[17], which describes the use of a multifunctional, biocompatible synthetic 

polymer to transport pharmacons along with targeting moieties. These systems became even 
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more important when Maeda described the enhanced permeability and retention (EPR) effect 

for passive tumor targeting with large molecules,[18, 19] a central concept in today’s anti-cancer 

research. PEG has been studied in this context, but suffers from its lack of polyfunctionality 

which results in low drug payloads.[9, 12, 14, 20] Therefore, several different strategies have been 

explored to synthesize PEGs with increased numbers of functional groups, such as multiarm 

PEGs,[21-23] dendrimer-like PEGs,[24-29] dendronized PEGs,[30, 31] and multifunctional PEGs.[32] 

The benefits and drawbacks of the use of PEG in drug delivery systems along with those of 

possible alternative polymeric structures have recently been reviewed.[33, 34] One of the major 

concerns regarding the application of PEG in the human body is its non-biodegradability. As the 

blood circulation times rise with increasing molecular weight of PEG,[35] the use of high 

molecular weight polyethers appears to be advantageous. However, the hydrodynamic volume 

of PEG must not exceed the kidney excretion limit (40-60 kDa) to prevent accumulation of the 

polymer in the liver.[36] Consequently, degradable high molecular weight PEG derivatives which 

carry frangible joints in the backbone, but retain all of PEG’s valuable properties, are highly 

desirable. To avoid toxic effects, the degradation products of such systems must not fall 

below400 g·mol-1.[33, 34] This review focuses on the different synthetic approaches for the 

incorporation of labile moieties into the PEG chain. Although highly interesting, PEGs with 

cleavable linkers[37] or lipids,[38-47] which were found to decrease the reduction in bioactivity of 

PEGylated proteins or increase the bioavailability of pharmacons transported in stealth 

liposomes, respectively, will not be discussed on the following pages. 

Synthetic Approaches 

The synthetic strategies for the incorporation of cleavable moieties into the backbone of PEG 

that have been employed up to date (Table 1) mirror the inherent challenges related to this task. 

The most appreciated approach would be the direct synthesis via the AROP of EO and an 

oxirane comonomer providing the additional functionality, analogous to the synthesis of 

multifunctional PEGs (mf-PEGs),[32] since copolymers can be obtained via AROP in a well-

defined manner with low polydispersity. In contrast to the mf-PEGs, an oxirane co-monomer 

for the degradable PEGs can, if at all, hardly be synthesized. The degradable moiety would have 

to resist the harsh basic conditions of the AROP, limiting the choices to acetals, ketals, 
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Table 1. Cleavable units in degradable PEGs: Structures, implementation and degradation conditions. 

Cleavable 
Unit 

Structure Synthetic 
Approach 

Degradationa Ref. 

Acetals 
O O

R H  
PEG coupling pH < 7.4 [48-61] 

Acetals/ ketals 

O O

R1 R

R = R2, H  

Cleavable AROP 
initiator pH < 7.4 [62, 63] 

Acetals/ ketals 

O O

R1 R

R = R2, H  

Cleavable AROP 
inimer[b] pH ≤ 7.4 [64, 65] 

Aconitic acid 
diamides 

H
N

H
N

O O
OHO  

PEG coupling pH < 7.4 [66] 

Azo groups N
N

 
PEG coupling enzymatic [67, 68] 

Carbonates 
O O

O

 
PEG coupling basic hydrolysis [69-79] 

Carboxylates 
O

O

 
PEG coupling hydrolytic, 

enzymatic 
[24, 67, 68, 

80-99] 

Disulfides S
S

 
PEG coupling reductive [84, 100-

103] 

Hemiacetals 
O

OH

 
PEG oxidation acidic or basic [104] 

Orthoesters 
O

O

O

O

O

O

 
PEG coupling pH < 7.4 [105] 

Peptides N
H

O

 
PEG coupling enzymatic 

[25, 106-
117] 

Phosphoesters O
P O

R

O

 
PEG coupling acidic or basic [118-131] 

Urethane O N
H

O

 

PEG coupling (hydrolytic) 
[84, 132-

140] 

Vinyl ethers O
 

Elimination from 
chloromethyl 
functionalized 

PEG 

pH < 7.4 
@ 37 °C 

[141] 

[a] Conditions may vary for the same cleavable unit due to different adjacent moieties. [b] Concept 
results in hyperbranched architectures. 
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disulfides, ortho esters, and vinyl ethers. Three-membered cycles including these groups are 

highly energetic and have not been synthesized or are stable only at very low temperatures, as, 

for example, allene oxide[142] or cyc-S2O.[143, 144] The direct synthesis of polyethers with in-chain 

acetals by cationic copolymerization EO and 1,3,5-trioxane is of course known, but the 

degradation of the resulting polymeric formaldehyde acetals require low pH conditions, the 

resulting formaldehyde is toxic, the PDIs are higher than those of anionically synthesized 

polymers, and the acetal content in the reported works is rather high, as the ethylene oxide units 

serve as stabilizing fractions to stop the unzipping of terminal oligoacetal blocks.[145-147]  

Modification of Commercial PEGs 

The majority of all cleavable groups incorporated into the backbone of PEG (summarized in 

Table 1 along with the corresponding synthetic approaches) were introduced by coupling of 

homotelechelic PEGs via addition or condensation reaction. A detailed discussion of the 

applicable labile units, as well as the synthesis and properties of the obtained materials will be 

presented in the next section. The main drawbacks common for all of these telechelics-based 

coupling strategies are the broad molecular weight distributions (Mw/Mn = 1.6 to >10) and 

poor control of the degree of polymerization. These issues are avoided if just two PEG chains 

are linked to one (multi)functional degradable coupling unit,[54, 85, 99, 107, 108, 114] resulting in 

cleavable PEGs with a single (functional) cleavable joint, but low yields are obtained when none 

of the termini is blocked as a methyl ether.[56] The PEG coupling approaches are popular because 

the required dihydroxy PEG telechelics are inexpensive and soluble in many organic solvents, 

enabling a variety of coupling reactions. In cases where the telechelic PEGs are coupled via a 

multihetero functional unit, degradable multifunctional PEGs can be synthesized as presented by 

Ulbrich and Říhová,[84, 102, 108] Lee,[80, 81] and Brocchini,[48, 50] for example. Furthermore, PEG is, 

as mentioned before, non-toxic and non-immunogenic and thus easy to handle, whereas all of 

the strategies that involve the synthesis of the polyether require polymerization of the gaseous 

ethylene oxide under anhydrous conditions. A one-step synthetic route to acid-degradable PEGs 

that relies neither on EO polymerization nor on a PEG coupling reaction was presented by 

Elisseeff and coworkers.[104] Some of the methylene groups of commercial PEG were oxidized to 

hemiacetals using Fenton’s reagent. Unfortunately, degradation of the hemiacetals occurred 

already during the synthesis at low degrees of oxidation, which is a drawback that will have to be 

overcome. 
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EO polymerization methods 

Synthetic approaches to degradable PEGs which do not rely on postpolymerization reactions of 

commercial PEGs have evolved just very recently and involve the initiation from a 

macroinitiator with a cleavable moiety,[62, 63] elimination of HCl from EO/ epichlorohydrin 

copolymers[141] and copolymerization of EO with a cleavable AROP inimer.[64] In 2011, Gnanou, 

Taton and coworkers presented an elegant synthetic route to acid-degradable dendrimer-like 

PEOs (poly(ethylene oxide)s, i.e., high molecular weight PEGs) with ketal branching units 

(Scheme 1).[62] All of the degradable dendritic PEOs from the second (G2, 

Mn, NMR = 10,600 g·mol-1) to the seventh generation (G7, Mn, NMR = 446,000 g·mol-1) were well-

defined with PDIs below 1.10. Degradation of these materials was proven under different 

conditions. In extremely acidic media, three samples of different generations (G2, G3 and G7) 

degraded completely to PEG derivatives with molecular weights of around 2,000 g·mol-1. At 

37 °C and pH 5.5 65% of all ketal groups of G7 were degraded in 80 h, while the cleavage of 

90% took one week. Of course, the shortcoming of these remarkable and promising structures 

is their time-consuming synthesis.  

 

 
Scheme 1. Synthesis of acid-degradable dendrimer-like PEO. (From Ref. [62]). 
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With the copolymerization of EO and an inimer for the AROP that carried an acetal moiety, 

GEGE, our group presented an one-step synthesis to acid-degradable long-chain branched PEGs 

(Scheme 2).[64] Similar to the dendrimer-like PEOs, these structures carry acid-labile moieties at 

each branching unit and were decorated with hydroxyl groups. The prize paid for the rapid 

synthesis is the less defined, i.e., not perfectly branched, architecture, and the fact that the labile 

moieties do not separate both arms of each branching point from the initiation site, which results 

in broadly distributed degradation products. Other cleavable AROP inimers were solely 

presented in recent work by the group of Kizhakkedathu to generate degradable polyglycerol 

(PG).[65] In an elegant approach they synthesized a series of different ketal inimers and found a 

much slower degradation for ketals derived from vicinal diols than for ketals of two separated 

alcohol synthons. These inimers could possibly also be copolymerized with EO to tailor the 

degradation kinetics of degradable long-chain branched PEGs. 

 

 

Scheme 2. Single-step synthesis of acid-degradable long-chain branched PEG according to Ref. [64]. 
 

The aforementioned polymerization methods resulted all in branched PEG architectures, but 

linear degradable PEGs have also been reported. A very promising pathway was reported by 

Lynd, Hawker et al. who copolymerized EO with epichlorohydrin via activated monomer ring-

opening polymerization to obtain PEGs functionalized with chloromethyl groups and PDIs below 

1.4.[141] Subsequent elimination of HCl resulted in PEGs with hydrolysis-sensitive vinyl ether 

units distributed along the backbone (Scheme 3). The degradation of the polyether occurred at 

pH 7.4 and 37 °C to approximately Mn(t)/Mn(0) = 20% after t = 72 h. However, no information 

on the nature of the terminal functionalities of the degradable polymer, the extent of 

substitution during the elimination step, and the intended coupling strategy to pharmacons were 

presented.  
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Scheme 3. Linear degradable PEGs according to Lynd, Hawker et al. (Ref. [141]). 
 

Poly(ethylene glycol) monomethyl ether (mPEG) with a single acid-labile acetal unit in the 

backbone can be synthesized by turning the terminal hydroxyl group of mPEG with a lower 

molecular weight into a hydroxyethyl acetal, following a two-step protocol and subsequent 

polymerization of EO on this macroinitiator (Scheme 4).[63] The molecular weight of the 

macroinitiator and the number of added EO units determined the defined position of the acetal 

in the backbone. Figure 1 shows the SEC traces of the degradable mPEG before and after acidic 

degradation as well as its precursor. The two well-defined distributions of different molecular 

weights were attributed to the used low molecular weight PEG and the added PEG block. These 

degradable mPEGs might be applicable as substitutes for commercial mPEGs, relying on 

established protocols for conjugation to proteins or low molecular weight drugs in order to 

increase the maximum molecular weight of the polyether that can be used in the human body, 

avoiding the risk of accumulation of PEG in the liver. 

 

 

Figure 1. Size-exclusion chromatograms of degradable mPEG before and after degradation as well as its 
precursor. Reprinted with permission from Ref. [63]. Copyright (2012) American Chemical Society. 
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Scheme 4. Synthesis of mPEG with a single cleavable unit at a defined position according to Ref. [63]. 

Different Labile Units for Different Triggers 

Acid Sensitive PEGs 

The majority of the labile units listed in Table 1, including most of the PEGs synthesized by 

previously discussed EO polymerization methods, are cleaved at acidic pH. Acidity is a popular 

degradation trigger, especially for polymeric carriers of anticancer drugs making use of passive 

targeting of tumors (EPR effect) and the potentially increased acidity of such tissue.[148, 149] 

Reduced pH is further found in lysosomes (pH 5.5) and endosomes (pH 6.5), extending the 

possible application of acid sensitive polymer therapeutics beyond antitumor therapies.  

 

 

Scheme 5. Synthesis of acid-degradable PEGs from divinyl TEG according to Ref. [48].  
 

The first attempt to synthesize acid sensitive PEGs based on a PEG coupling approach capitalized 

on cis-aconitic acid linkers. The obtained polymer was acid-degradable and most likely 

biocompatible. However, decarboxylation and cross-linking reactions led to non-degradable 

linkages.[66] Better results were achieved with the incorporation of acetal moieties in PEGs. 

Pioneering work by Duncan and Brocchini used the copolymerization of triethylene glycol 

(TEG) divinyl ether with dihydroxyl PEGs (Figure 5) and functional diols, such as protected 

serinol[48] and diphenols[51, 52]. The former diol allows postpolymerization modification of the 

resulting amino-pendent polyacetals (APEGs) with pendent doxorubicin (DOX) moieties,[50] 

whereas among the latter, drugs can be incorporated directly in the main chain.[51, 61] Using 

telechelic PEG with Mw = 3400, degradable PEGs with molecular weights up to 100,000 g·mol-1 

and PDIs of 1.6-2.0 can be synthesized. Other synthetic routes to PEG polyacetals involve 
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condensation of PEG diols with the corresponding aldehyde[55, 60] or Williamson ether synthesis 

from an acetal-containing diol and PEG ditosylate.[53, 58, 59] Although conceptually interesting, 

these routes do not lead to high-molecular-weight polyethers, but result in polydisperse 

(PDIs > 2) or, in case of the etherification, ill-defined (5.8 < PDI < 11.6) polymers.  

 

 
Figure 2. pH-dependent degradation of the aliphatic PEG poly(acetaldehyde acetal) described in 
Scheme 5. Adapted with permission from Ref. [48]. Copyright (2002) American Chemical Society. 
 

The degradation of acetals in PEG is strongly pH and temperature dependent and, not 

surprisingly, faster in more acidic media.[48, 51, 52, 54, 59-61, 63, 64] At pH 5.5 and 37 °C, total 

degradation of PEG acetaldehyde acetals requires approximately three weeks, but also at pH 7.4 

(pH of blood), a significant amount of the labile groups are hydrolyzed (Figure 2).[48] Further, 

the chemical composition of the acetal, i.e., the nature of the aldehyde and alcohols influence 

the rate of its hydrolysis: Benzaldehyde acetals degrade faster than aliphatic aldehydes (compare 

Ref. [54] and Ref. [60]), and phenolic acetaldehyde acetals are hydrolyzed faster than purely 

aliphatic ones.[51, 52] Cyclic acetals require harsher conditions than linear ones[53] (also true for 

PG-based polyketals[65]) and basic moieties, such as amino groups adjacent to the acetal also lead 

to decreased hydrolysis rates.[63] Biocompatibility and pharmacokinetic tests of acetal-containing 

PEGs and polymeric prodrugs have been promising so far. APEG, its derivative without pendent 

functions (Scheme 5), and the degradation products of the latter were non-cytotoxic in an MTT 

assay using B169F10 cells and non-hemolytic within 24 h.[48] Furthermore, doxorubicin-loaded 
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high molecular-weight APEGs outperformed N-(2-hydroxypropyl)methacrylamide copolymer 

DOX conjugates with prolonged blood circulation times, increased passive tumor targeting, and 

reduced DOX deposition in liver and spleen.[50] Besides their application as degradable 

polymeric carriers for low molecular weight molecules, acid-labile PEGs are also used for the 

synthesis of gene delivery vectors[54, 56] as well as precursors for degradable hydrogels[53, 57, 58] and 

triblock copolymers.[55, 59, 105]  

Enzymatically Degradable PEGs 

The pool of biodegradable units incorporated in PEG of course also contains enzymatically 

cleavable moieties. Most prominent among these are amino acid or oligopeptide linkages, which 

were applied for the coupling of monofunctional PEG derivatives[25, 107, 108, 114] and as monomers 

for polycondensation with difunctional PEGs.[106, 110-114] Depending on the inserted amino acid or 

sequence, the polymers can be cleaved by different proteases such as chymotrypsin or cathepsin 

B. Of course, PEG-based polypeptides can be degraded under simple hydrolysis conditions.[106, 

114] First studies on such systems exposed the strong dependence of the degradation rate on the 

length and structure of the peptide linker.[106-108] While chymotrypsin requires a single in-chain 

phenylalanine residue for the PEG degradation,[106] cathepsin B does not cleave PEGs with just a 

glutamic acid linker.[108] In the latter case the degradation rate increases by adding a 

phenylalanine at the glutamic acids C terminus and is even higher by coupling it to the N 

terminal site. Further, the corresponding pendent benzylesters undergo proteolysis much faster 

than the free acid derivatives.[108] The degradable PEGs of this type are also suitable carriers for 

DOX, which can be bound via likewise enzymatically cleavable oligopeptides[109-112] or an acid 

sensitive hydrazone.[113] In contrast to free DOX, these polymer therapeutics exhibited no signs 

of toxicity in in vivo studies on mice and seemed to inhibit tumor growth.[111] However, no PDI 

values have been published for most of the PEG copolymers derived from polycondensation, but 

the available SEC traces indicate broad molecular weight distributions, which is an obstacle for 

eventual FDA approval.[111-113] PEGs with in-chain amino acid peptide bonds have also been 

prepared, mainly to add pending functionalities to the polyether rather than labile joints[115-117] 

and can be generated in a monodisperse fashion by multistep protection/deprotection 

protocols.[25] 

If the required enzyme is solely available at the desired site of drug release, enzymatically 

degradable PEGs can be applicable for site-specific drug delivery. Azo compounds of 5-
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aminoscalicylic acid (5ASA), a non-steroidal anti-inflammatory drug, are potent prodrugs for 

colon-specific delivery of this pharmacon. The free drug would be absorbed in the small 

intestine, whereas corresponding azo compounds can reach the colon, where reductive enzymes 

release 5ASA form its carriers.[150] The copolymerization of PEG diacids of various molecular 

weights with an Olsalazin (OLZ, 5,5’-azodiscalicylic acid) derivative resulted in PEG-based 

prodrugs with molecular weights up to 47,000 g·mol-1 and in-chain carboxylates as well as 

enzymatically cleavable azo bonds. 5ASA release from the polymeric prodrugs in presence of 

reductive enzymes was confirmed (Figure 3). The comparison of the degradation rates in 

presence or absence of rat cecum content indicated that enzymatic azo reduction occurred prior 

to the cleavage of the ester. The ester hydrolysis rates at pH 6.8 (37 °C) were dependent on the 

size of the PEG precursors and higher for larger polyether segments.[67] Oral administration of 

the PEG prodrugs to rats confirmed colon-specific drug delivery in vivo.[68] 

 

 
Figure 3. Release of 5ASA from OLZ and OLZ PEG copolymers in presence of reductive colon 
enzymes and benzyl viologen at 37 °C. (From Ref. [67]). 
 

Several different polycondensation routes can be applied for the installation of carboxylates in 

PEG: DCC-promoted esterification[67, 68, 82-84], Michael addition to acrylates, as well as reactions 

of PEG with the corresponding acids,[92] acid anhydrides,[81] acyl chlorides,[85-89] and methyl 

carboxylates.[24, 93-97] Commonly, the polycondensation is conducted during the esterification 

step, but also the thiol oxidation of PEG cysteine diesters[84] and Michael addition of dithiols to 
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PEG di(meth)acrylates[90, 91] were used to synthesize PEG polyesters. Due to the numerous PEG-

based polyesters synthesized for a wide range of applications, we will focus on the works that 

studied the PEG polyester degradability. Depending on the synthetic pathway and the size of the 

batched telechelic PEGs, polyesters with molecular weights in the range of 

1,000-104,500 g·mol-1 and typical PDIs (1.4-2.7) were generated. The ester-containing PEGs 

can undergo enzymatic degradation, but just a few of them were examined regarding this 

property.[82, 86-88, 99] Mero et. al. observed almost no ester cleavage in a pH 7.4 buffer at 37 °C in 

24 h, but rapid degradation in mouse plasma within the same time.[88] Typically, the enzymatic 

degradation at 37 °C and neutral pH takes a few days to complete, but comparison of the results 

is difficult because to many parameters vary (enzymes, linkers, PEG content, size of the PEG 

segments, observed quantity, type of sample). Carboxylates can further be degraded by simple 

hydrolysis under both, acidic and basic conditions. In theory, degradation rates are expected to 

be lowest under neutral conditions, but in presence of basic moieties, the hydrolysis can be 

slower in more acidic media (Figure 4).[81, 84, 99] Not surprisingly, hydrophilic poly(ether ester)s 

are hydrolyzed faster than hydrophobic derivatives under the same conditions.[67, 83] 

 

 
Figure 4. Degradation of PEG cystine polyester at 37 °C: Hydrolytic cleavage of ester moieties at 
different pH values. Reduction of disulfides at pH 5.5 (cGCH = 5 mm). (From Ref. [84]). 
 

Alternative Labile Groups and Triggers 

As azo bonds, disulfide linkages have been studied as reductively cleavable joints for the 

reversible connection of PEG telechelics.[84, 100-103] In contrast to the former, disulfides are 
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reduced by a reduced glutathione (GSH) derivative in the cytosol. The disulfide containing 

polyethers can either be synthesized from PEG dithiol precursors under oxidative  

conditions[84, 100-102] or by a polycondensation of telechelic PEGs and a suitable difunctional 

disulfide.[84] Depending on the synthetic route, size of the telechelic PEGs, and the reaction 

conditions, poly(ether sulfide)s with molecular weights up to 180,000 g·mol-1 were obtained. In 

contrast to poly(ether sulfide)s with degrees of polymerization exceeding 12, those prepared 

from tri-, tetra-, or hexa(ethylene glycol) were almost insoluble in water. Pendent 

functionalities have been incorporated in these polymers by coupling PEG chains to cystine via 

urethane or ester bonds. The reductive degradation rate is dependent on the hydrophobicity of 

the pendent functional groups. While the disulfides of a polyester from PEG and cystine at 

cytosolic glutathione concentrations (5 mm) are reduced even faster than the ester moieties are 

hydrolyzed at pH 8.0 (Figure 4), reductive degradation of a corresponding polymer with 

pendent p-nitrophenyl succinates is rather slow under the same conditions (<50% within 

2 d).[84] As poly(ether sulfide)s also undergo reductive degradation when incubated with EL4 T-

cells[102] and were non-toxic to HepG2 cells,[100] these polymers appear to be promising drug 

carriers. 

Besides carboxylates, esters of other biologically relevant acids have been used to synthesize 

PEG-based polyesters. Physical properties of PEG-derived polycarbonates have been explored 

since the 1960s.[69-73] More recent studies have focused on the degradability and cell interactions 

of these materials, but the PEG contents were low (< 25%).[75-78] Water-soluble polymers with 

higher PEG fractions have been prepared, but no degradation data has been reported for 

these.[151, 152] PEGs with a single carbonate linker were solely mentioned in patent  

literature.[74, 79] Poly(H-phosphonate)s from PEG diols are generated by the polycondensation of 

the telechelic polyethers and dialkyl H-phosphonates.[118-129] The degradation of PEG 

polyphosphonates occurs randomly along the polymer chain under slightly basic conditions 

(pH 8.8, 40% degradation in 12 h) and is more rapid at low pH (pH 1.66, almost completed in 

11 h). The degradation rate is further influenced by the polymer concentration, because the 

degradation yields in acidic products.[128, 131] These polymers might also undergo enzymatic 

degradation.[131] Poly(PEG H-phosphonate)s carry highly reactive P-H bonds that allow further 

functionalization, such as the attachment of pharmaceutically active compounds or linker 

moieties for the conjugation to such molecules[118, 129] as well as oxidation to the corresponding 

poly(PEG phosphate)s.[120-127] Another synthetic pathway to such polyphosphates is the 
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condensation of PEG diols and alkyl dichlorophosphates.[130] Further information on these 

interesting materials and their applicability in drug delivery systems can be found in a substantial 

monograph on polyphophoesters published recently.[131] 

Various PEG-based polyurethanes (PUs) have been synthesized, mainly, to introduce pendent 

functionalities along the polymer backbone,[132-137] and are usually considered non-degradable 

under physiological conditions. Biodegradability has been described for numerous polyurethane 

materials, but seems to occur predominantly at additionally present cleavable units. Therefore, 

poly(ester urethane)s degrade faster than poly(ether urethane)s.[153] Similar findings were 

reported for PEG-based PU films using α-chymotrypsin in aqueous, buffered solution. A sample 

containing enzymatically cleavable trypsin chain extender eroded much faster than a PU-film 

without such a moiety.[138] The hydrolytic degradation of PEG-based PUs is slow and was 

investigated on samples synthesized without any chain extender at pH 7.4 (37 °C) (15% 

reduction of Mw within 12 days).[139]  

Conclusions and Outlook 

To tackle PEG’s most important disadvantage in biomedical applications, its non-

biodegradability, various synthetic pathways have been investigated to install several different 

degradable moieties in the backbone of PEG (Table 1) that can be cleaved under conditions 

found in organisms: Acidic, basic, enzymatic, and reductive. The rates of degradation strongly 

depend on the constitution and chemical environment of the linker as well as the size of the PEG 

segments for each of these classes. Care has to be taken, when comparing the degradation data of 

different methods. Main parameters that have to be taken into account are the temperature, pH, 

type of enzyme, concentrations (in case pseudo-first-order kinetics does not apply), and the 

measured quantity (number of remaining linkers, amount of released telechelic PEG, residual 

molecular weight). Although many of the presented PEGs gave promising results as 

biodegradable drug carriers, most of these polymers were synthesized in polycondensation 

reactions and exhibit certain deficits, such as broad molecular weight distributions. Well-defined 

degradable PEGs are obtained by coupling monofunctional PEGs to a (multi)functional labile 

unit, but the resulting polymers are limited in their payload, unless synthesized by multistep 

protection/deprotection protocols. Very recently, a number of strategies have been employed 

which base on custom-made PEGs by EO polymerization either from cleavable initiators or with 
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proper comonomers. However, none of the EO-based polymers has been tested regarding their 

biocompatibilities, their degradations in vivo, or their suitability as drug carriers, to date. In 

conclusion, the development of biodegradable PEGs has become a fast evolving field of research 

that will eventually contribute to a new generation of polymer therapeutics. 
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1.3 Proteins squared: Squaric Acid Derivatives for 

Bioconjugation 

A brief introduction to squarate chemistry. 

 

Introduction 

Squaric acid (3,4-dihydroxy-3-cyclobutene-1,2-dione) can be considered as two connected 

vinylogous carboxylic acid moieties that share a carbon-carbon double bond. It was synthesized 

first by Cohen and coworkers by the hydrolysis of both, 1,3,3-triethoxy-2-chloro-4,4-

difluorocyclobutene and 1,2-diethoxy-3,3,4,4-tetrafluorocyclobutene (Scheme 1A).[1] 

However, of more relevance became a synthetic route starting from perchloro-butadiene, an 

unneeded by-product in the industrial perchloration of hydrocarbons. The hexachloro-butadiene 

is reacted to 1-ethoxy-pentachloro-budatiene which undergoes a catalyzed thermal cyclization to 

perchloro-cyclobuteneone. Finally, the latter is hydrolyzed to squaric acid (Scheme 1B).[2-4] 

 

 
Scheme 1. Synthetic routes to squaric acid. A Synthesis according to Cohen and coworkers. B 
Industrially relevant pathway. 
 

The acidic strength of the divalent squaric acid is extraordinarily high for an organic acid. Its pK1 

and pK2 values are 1.2 and 3.5, respectively.[5] These values result from the high resonance 

stabilization of the corresponding dianion squarate (C4O4
2-). While the lengths of the carbon-
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carbon bonds of the free acid differ, the carbons of the squarate form a perfect square. In 

consequence, all oxygen atoms of 17O-labeled squarate exhibit the same chemical shift in 
17O NMR spectroscopy.[6] The squarate is a member of cyclic oxocarbon dianions with the 

empirical formula (CnOn)
2- and, as the deltate (n = 3), can be regarded aromatic, while the 

aromaticity of the higher analogues (croconate: n = 5, rhodizonate: n = 6) decreases with 

increasing size of the cycle.[7, 8]  

The wide range of squaric acid derivatization reactions has been reviewed by Schmidt.[9] In the 

following, a brief summary of the dialkyl squarates and their role as coupling agents for the 

attachment of amino group-containing organic compounds, especially carbohydrates, to proteins 

will be given. A comprehensive review on this topic and further, biomedically relevant aspects 

of squarate chemistry is currently in preparation.[10] 

From Squaric Acid Esters to Asymmetrical Squaramides 

Some of the dialkyl squarates, such as the diethyl, dibutyl,[3] and didecyl[11] derivative can be 

synthesized by refluxing squaric acid in the corresponding alcohol. In contrast, the similar 

reaction carried out in methanol just yields the monomethyl ester and also dipropyl squarate 

cannot be prepared by this method.[9] However, squaric acid can be directly converted into its 

dimethyl ester in a reaction with diazomethane.[12] A universal route to dialkyl squarates is the 

alcoholysis of the squaric acid dichloride, which can be prepared from the free acid and thionyl 

chloride.[13]  

 

 
Scheme 2. Aminolysis of dialkyl squarate to the ester amide and subsequently to the squaramide. 
 

From the dialkyl squarates, most frequently the dimethyl or diethyl derivative, squaric acid 

diamides (also known as squaramides) can be obtained by aminolysis. The symmetric diamides 

are formed in various solvents, when more than two equivalents of the amine (ammonia, 

primary amines, secondary amines, hydrazines or anilines) are applied under basic  

conditions.[12, 14-16] In all cases, primarily the symmetric 1,2-diamide is formed (Scheme 2, 

R2 = R4, R3 = R5) whereas the 1,3-diamide is the main product when squaric acid is used 
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directly.[17, 18] The latter can also be synthesized from the analogous 1,2-diamides in presence of 

sulfuric acid.[19, 20] 

As shown in Scheme 2, the synthesis of the diamides requires the previous formation of the 

corresponding squaric acid ester amides. Due to a faster amine addition of the squaric acid 

diesters compared to the resulting ester amides under neutral conditions, the latter can be 

isolated in excellent yields for most amines. Tietze and coworkers were the first to realize the 

potential in the generation of asymmetric squaramides from these substances and synthesized a 

library of different ester amides and symmetrical as well as asymmetrical diamides of squaric 

acid.[21] To generate the latter, the second amine is reacted to the squaric acid ester amide under 

more basic conditions: While the first amidation of the dialkyl squarate is conducted at pH 7, the 

amidation of the ester amide requires pH 9.  

The lower reactivity of the ester amide is explained by the higher electron density that 

impedes the nucleophilic attack of the amine. Further, squaric acid derivatives were calculated 

to be more aromatic when they are protonated at the carbonyl oxygen atoms,[8] and the resulting 

reduced aromaticity in basic media might be the reason for the higher reactivity of the squaric 

acid ester amides under more basic conditions. 

Luk and coworkers reported a slow, but highly selective reaction of squaric acid ethyl ester 

derivatives toward cysteine’s amino group in neutral aqueous solutions. Out of a mixture of 5 

different L-amino acids, including cysteine and lysine, the ethyl ester reacted selectively with 

cysteine. According to the mechanism proposed by the authors, first squaric acid thioester is 

formed and undergoes a subsequent S → N acyl transfer to form the squaramide.[22] The 

reaction rates were increased significantly (full conversion within 5 min) by using cyclic amino 

squarates (Scheme 3). These derivatives also reacted with amino groups of amino acids in water 

under neutral conditions. The enhanced reactivity reportedly results from the ring-strain 

released during the amidation (thioesterification).[23] 

 

 
Scheme 3. Reaction of amines and thiols with cyclic amino squarates according to Ref. [23]. 
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Squaric Acid mediated Protein Conjugation 

Due to their assembly from a variety of different amino acids, most of which carry additional 

functionalities besides the essential carboxylate and amino group, proteins are biomolecules with 

a large number of functional moieties that can be addressed for the attachment of a ligand, such 

as synthetic polymers or carbohydrates. In most syntheses of protein conjugates the aliphatic 

amino groups of lysine residues and the N-terminus are chosen as target sites because they 

usually can be found and reacted at protein surfaces.[24] An efficient coupling agent for a selective 

protein derivatization at the lysine moieties must not interfere with the other numerous 

functionalities of the polypeptide, such as the hydroxyls of serines, threonines, and tyrosines or 

the thiol group of cysteines. In addition, the activation of ligands carrying further functional 

moieties should also be selective to avoid the time-consuming use of protective groups. These 

criteria are met by dialkyl squarates, since an eligible ligand is selectively converted to the 

squaric acid ester amide, which subsequently reacts solely at the protein’s amino residues.  

 

 
Scheme 4. Squaric acid mediated glycosylation of BSA. Reprinted with permission from Ref. [25]). 
Copyright (1991) American Chemical Society.  
 

Especially for the synthesis of neoglycoproteins, i. e. synthetic sugar protein conjugates, squaric 

acid mediated coupling has been successfully employed due to the squarates high tolerance 

towards hydroxyl groups, which is demanded in glycosylation chemistry to prevent crosslinking 

reactions. In 1991, Tietze and coworkers were the first to establish protein glycosylation using 
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diethyl squarate as a linker (Scheme 4).[25] They reported excellent yields of the coupling of a 

disaccharide to bovine serum albumin (BSA) and demonstrated that the degree of conversion 

could be followed by UV-Vis spectroscopy. The high value of this linker was confirmed in 

various additional studies on squaric acid mediated protein glycosylation[26-32] and particularly by 

Hashimoto and coworkers, who compared various commercially available linkers for the 

attachment of mannose to BSA. Due to its selectivity, low costs, and the possible retrieval of the 

ester amide excess used in the conjugation step, diethyl squarate was chosen as one of the most 

useful linkers.[33]  

 

 
Figure 1. Various glycosylation agents prepared from didecyl squarate (from Ref. [11]). 
 

Despite of the success of the squaric acid diethyl ester, in some cases the use of its derivative 

might be advantageous. In contrast to diethyl squarate, the corresponding dimethyl ester is 

water-soluble and a crystalline solid at room temperature. Upon amidation with amino 

functional glycosides, the didecyl squarate yields squaric acid ester amides which are more 

hydrophobic due to the larger alkyl chain and can conveniently be purified. Further, the excess 

of this glycosylation agent necessary in the conjugation step can be recovered by C18 solid phase 

extraction. This procedure was tested for various glycosides (Figure 1) and found to be efficient, 

independent of the sugar structure.[11] A direct comparison of the dimethyl, diethyl, dibutyl, and 

didecyl squarate as glycoside/protein coupling reagents revealed no substantial differences in the 

conversion of the glycosides to the corresponding squaric acid ester amides.[34] However, the 
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resulting ester amides differed significantly in their hydrolysis rates, depending on the size of the 

alkyl chain: In line with the expectation, the decyl derivative was hydrolyzed the slowest, while 

the methyl ester amide was inactivated the fasted in buffered aqueous medium.[34] 

Besides oligosaccharides, suitable oligopeptides, i.e., peptides bearing a single addressable 

amino group, have also been coupled to proteins via squarate linkages. Kunz and coworkers 

demonstrated the attachment of squaric acid esters amides of various MUC1 glycopeptides to 

BSA and tetanus toxoid to investigate the conjugates applicability in immunotherapy.[35-39] While 

all the previously described examples of squaric acid mediated protein conjugation were carried 

out at elevated pH, Luk and coworkers coupled an lysine-containing oligopeptide, whose ε-

amino group was activated by the conversion with diphenyl squarate to another peptide bearing 

a N-terminal cysteine at neutral pH in water.[22] They also used the same reaction to immobilize 

peptides with N-terminal cysteines on a squaric acid phenyl ester amide surface.[40] 

Conclusion 

Since the pioneering work of Tietze et al., the squaric acid derivatives have been recognized and 

established as powerful tools for the covalent attachment of ligands to proteins. Compared to 

other methods, squaric acid derivatives exhibit several advantages: (i) the most common 

derivatives are commercially available; (ii) the dialkyl squarates react selectively with amino 

groups without interference of other functional groups, such as esters and hydroxyl groups 

(reaction with thiols is possible under specific conditions); (iii) the activation of the ligand does 

not require harsh conditions; (iv) ligand-to-ligand coupling during the ligand activation step does 

not occur due to the lower reactivity of the resulting ester amides; (v) the degree of protein 

modification can be detected using UV-Vis spectroscopy; (vi) in comparison to other coupling 

agents, the squarate-activated ligands are more stable towards hydrolysis.  

The solubility, morphology, reactivity, selectivity and other properties of the linkers as well 

as the activated ligands can be tuned by either simple transesterification reactions or further 

modifications, such as the synthesis of the cyclic amino squarates introduced by the group of 

Luk. So far, squarate mediated coupling is mainly used in protein glycosylation, but the due to 

the linker’s unique combination of properties, other biomedical fields of protein research may 

benefit from its application. Surprisingly, the valuable squarate coupling has not been used for 

the generation of synthetic polymer/protein conjugates. Due to its high potential and especially 
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its tolerance towards hydroxyl groups, diethyl squarate was chosen for the mediation of the 

attachment of novel heterofunctional poly(ethylene glycol) stuctures to proteins and the 

coupling chemistry of squarate modified PEGs was closely investigated in this thesis. 
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Abstract: 

The covalent attachment of poly(ethylene glycol) (PEG) to therapeutically active proteins 

(PEGylation) has become an important method to deal with the pharmacological 

difficulties of these polypeptides, such as short body-residence times and 

immunogenicity. However, the derivatives of PEG used for PEGylation lack further 

functional groups that would allow the addition of targeting or labeling moieties. Squaric 

acid diethyl ester was used for the chemoselective single-step activation of poly(ethylene 

glycol)s into the respective ester amides. The resultant selective protein-reactive 

poly(ethylene glycol)s were investigated with respect to their selectivity towards amino 

acid residues in bovine serum albumin (as a model protein). The presented procedure 

relies on a robust two-step protocol and was found to be selective towards lysine 

residues; the activated polyethers are efficient and stoichiometric PEGylation agents with 

a remarkable hydrolytic stability over a period of several days. By adjusting the pD value 

of the conjugation mixture, the chemoselectivity of the activated PEGs towards the α- 

and ε-amino groups of lysine methyl ester was effectively changed. 

Keywords: Chemoselectivity, kinetics, PEGylation, proteins, squaric acid. 
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Introduction 

The application of therapeutically active proteins such as insulin, interferons, and granulocyte-

colony-stimulating factor as pharmaceuticals suffers from their immunogenicity and 

susceptibility towards degradation in vivo. Therefore, different strategies for protein 

modification have been developed to reduce these effects, such as the addition, removal, 

substitution, or chemical modification of amino acids and the attachment of synthetic 

polymers.[1] Abuchowski et al. linked poly(ethylene glycol) (PEG) to bovine serum albumin 

(BSA) and bovine liver catalase through a cyanuric chloride coupling route[2] and laid the 

cornerstone for PEGylation, that is, the covalent attachment of PEG to (poly)peptides and 

proteins. PEG exhibits a unique combination of properties valuable for bioconjugation: It is 

highly soluble in water, chemically inert, nontoxic, mostly nonimmunogenic, and soluble in 

many organic solvents.[3a] PEGylation is the most important strategy to reduce immunogenicity 

and to increase the blood circulation times of drugs. In addition, due to the increased molecular 

weight and hydrodynamic volume of the PEGylated therapeutic in comparison with those of the 

native protein, renal excretion is reduced. Furthermore, the polyether chains shield the protein 

and hinder antibodies from recognizing the determinants on the surface of the therapeutic, thus 

reducing its immunogenicity. Also, the shielding impedes proteases in catalyzing the hydrolytic 

degeneration of the polypeptides.[3] Today, a number of PEGylated enzymes, cytokines, 

antibodies, and growth factors are approved by the US Food and Drug Administration.[4] 

In the last decades, a variety of strategies were established to covalently bind PEG to proteins. 

Commonly, the monomethyl ether of PEG (mPEG) is used for PEGylation after (usually 

multistep) activation of the hydroxy group with a protein-reactive moiety. Most of the protein-

reactive PEG derivatives that have been used so far, however, are susceptible towards a range of 

functional groups (for example, amines, alcohols, and thiols), and the PEGylation chemistries 

that have been developed so far are not easily extended towards alternative synthetic polymers 

that contain functional groups other than the one that is used for the protein conjugation. This 

obviously impedes the development of synthetic polymer–peptide/protein conjugates in which 

the synthetic polymer contains functional groups that can be used for further functionalization, 

for example, to introduce labels or target ligands. A potentially interesting reagent that could 

help to overcome these problems is diethyl squarate (1). Diethyl squarate has been previously 

used for the amine-selective, hydroxy-orthogonal attachment of carbohydrates[5] and 
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glycopeptides[6] to proteins. Diethyl squarate consists of two connected vinylogous carboxylic 

acid esters sharing a carbon–carbon double bond (Scheme 1). Due to this connection, 

derivatization of one ester moiety affects the reactivity of the other. The reactivity of the diester 

towards amidation is high. At neutral pH values, it can be converted selectively into the 

analogous ester amide, without formation of the coupled product, that is, the diamide 

(squaramide), because the resulting ester amide has a reduced reactivity.[7] Thus, the ester amide 

can be isolated, and at higher pH values, usually around pH 9, it can react with a second amine 

to result in an asymmetric squaric acid di amide. Squaric acid derivatives were calculated to be 

weakly aromatic,[8] so the amidation of 1 can be viewed as a nucleophilic substitution in an 

aromatic system. In comparison to 1, the squaric acid ester amide possesses a higher electron 

density in the carbon cycle, which makes a second nucleophilic attack less favorable. Moreover, 

squaramides exhibit high proton affinity and enhanced aromaticity when protonated,[8] which 

might also apply for the ester amides and explain the increased reactivity in basic media. 

 

 
Scheme 1. One-step activation of α-amino-PEGs with diethyl squarate. 
 

Herein, we report the activation of α-amino PEGs with 1 in a single step that tolerates the 

presence of hydroxy and other functional groups, which allows for subsequent derivatization of 

the polymer. In addition, we demonstrate efficient PEGylation with the novel activated PEGs 

under different conditions and their stability towards hydrolysis. Selectivity of the PEGylation 

towards the α- and ε-amino groups of lysine was investigated in detail, and it was proven that the 

chemoselectivity can be adjusted selectively towards either of the amines at different pH values. 

Results and Discussion 

Synthesis of protein-reactive PEGs: α-Amino-ω-hydroxy PEG (2) and the respective 

methoxy-PEGs, 3, with number-averaged molecular weights (Mn) of 2 and 5 kDa, were 

modified with 1, and the properties of the resulting protein-reactive polymers were 

investigated. The amino mPEGs, synthesized according to a known protocol,[9] were activated 

with diethyl squarate in ethanol with triethylamine as an additive. The size exclusion 
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chromatography (SEC) elugrams of the squaric acid ester amido mPEGs (SEA-mPEGs, 5) 

showed narrow molecular-weight distributions (polydispersity index (PDI) = 1.05), and no 

dimers, that is, diamides, were detectable, for either the 2.1 kDa sample (Figure 1) or the 5.1 

kDa sample (see the Supporting Information, Figure S14). In addition, the presence of the 

squaramide was also detected by strong UV absorption during the SEC measurements. 

Quantitative end-group functionalization was proven by MALDI-TOF MS and 1H NMR 

spectroscopy. The MALDI-TOF mass spectra of 5 with molecular weights of 2.1 kDa and 5.1 

kDa displayed the expected single mass distribution. No unreacted amino mPEG or coupled 

products were detected. Besides the distribution of the polymer cationized with potassium, a 

second distribution with lower intensity was observed in some cases, which was assigned to the 

sodium-cationized species (Figure 2 and Figure S8 in the Supporting Information). Full 

conversion was also confirmed by comparison of the 1H NMR integrals of the peaks assigned to 

the methyl groups at both polymer termini (Figure S3 and S4 in the Supporting Information). 

The signal of the single amide proton splits into two broad peaks at approximately δ = 6.6 ppm. 

This has already been reported for low-molecular-weight compounds[10] and is a result of the 

rotational barrier along the cyclobutene carbon–nitrogen bond, which leads to the presence of 

syn and anti conformers. 

The tolerance of the diethyl squarate activation of PEG towards hydroxy groups was further 

demonstrated by the synthesis of α-squaric acid ester amido ω-hydroxy-PEG (4; Scheme 1). The 

necessary α-amino ω-hydroxy PEG was synthesized by N,N-dibenzyl amino ethoxide initiated 

anionic ring-opening polymerization of ethylene oxide (EO) and subsequent cleavage of the 

protecting groups by hydrogenation (Scheme 2), analogous to protocols for the synthesis of 

copolymers of EO with different comonomers that were published recently.[11] Successful 

synthesis of 7 with narrow molecular-weight distributions (PDI 1.06) was confirmed by NMR 

spectroscopy, MALDI-TOF MS, and SEC (see the Supporting Information). Removal of the 

benzyl protecting groups by catalytic hydrogenation[12] was complete after 24 h (at 30–40 bar), 

as determined by NMR spectroscopy. Conversion of 2 into the analogous squaric acid ester 

amide 4 was accomplished by the reaction of 1 in ethanol/water (1/1) with triethylamine as an 

additive (Scheme 1). 1H NMR spectroscopy and MALDI-TOF MS confirmed full derivatization 

of the amino group and preservation of the hydroxy moiety. As for the SEA-mPEGs, the 

formation of the corresponding squaramide was suppressed and no coupled product was found 

by SEC analysis. 
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Figure 1. SEC elugrams of 4 (2.1 kDa) and its precursors (eluent: DMF; refractive index (RI) detector 
signal). The amino-PEGs often revealed a broadening of the mass distribution in the SEC analysis that 
led to an increase in the Mw/Mn ratio (the polydispersity index). Sometimes, even bimodal SEC traces 
were observed. This effect was attributed to interactions of the amino moiety with the 
poly(hydroxyethyl-methacrylate) columns of the chromatograph. Upon derivatization, the PDI values 
decreased significantly again. 
 
 

 
Figure 2. MALDI-TOF mass spectrum of 5 (2.1 kDa). 
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Scheme 2. Synthetic route to α-amino-ω-hydroxy-PEG. a) 1) C6H6, 90 °C, vacuum; 2) KC10H8, THF, 
nEO; 3) MeOH; b) H2, Pd(OH)2/C, MeOH/THF/water (2:1:1), 80 bar. Bn: benzyl; THF: 
tetrahydrofuran. 
 

Reactivity of the squaric acid ester amide at the polymer terminus: In a next step, 

the reactivity of the terminal squaric acid ester amide towards the ε-amino group of lysine was 

investigated by following the reaction kinetics with 1H NMR spectroscopy. As a model 

substrate, Nα-acetyl-L-lysine methyl ester hydrochloride (Ac-Lys-OMe), a lysine derivative with 

protected α-amino and carboxylic acid groups, was chosen. The solvent was a 0.1 M sodium 

borate buffer in deuterium oxide that provided a stable pD value of about 9.6 (0.4 added to the 

corresponding pH value of 9.2)[13] throughout the reaction, which was sufficiently high to enable 

the diamide formation. As the resonances of the ester amide’s ethyl group were superimposed 

by other signals and the amide protons were not observable under these conditions, the 

resonance of the methyl group of ethanol, which is released during the reaction, was monitored 

at a chemical shift value of δ = 1.16 ppm. Figure 3 shows the intensity of the methyl signal of 

the recorded spectra plotted against time for the reaction of a 2 kDa SEA-mPEG with 1.8 

equivalents of Ac-Lys-OMe. All signals were normalized to the singlet resonance of the methoxy 

group of mPEG at δ = 3.36 ppm. The resonance of the N-acetyl protons of the polymer-bound 

lysine (δ = 2.02 ppm, Figure 3) was shifted by δ = 0.02 ppm to higher field relative to the 

analogous signal of the substrate. However, these signals superimposed and, hence, were not 

suitable for the kinetic data analysis but could qualitatively show the progress of the reaction. As 

shown in Figure 3, after approximately four hours, the reaction was complete and the signal 

ratios remained constant. The reaction was carried out at room temperature in an NMR tube 

and mixing was merely provided by the spinning of the tube. Under the reaction conditions, the 

lysine methyl ester protecting group was hydrolyzed slowly (18% cleavage after 12 h). 

Obviously, hydrolysis of the polymer s terminal ethyl ester is a possible side reaction that has to 

be taken into account. It was monitored under the same conditions as the experiment described 

above but without the substrate by monitoring the decreasing intensity of the methyl resonance 

of the ethyl ester (see Figure S18 in the Supporting Information). The half-life of 5 in deuterated 

borate buffer (pD 9.6) was found to be three days, which evidenced very slow hydrolysis 

relative to the fast diamide formation. The hydrolysis of 5 was further studied at pD 8.4 in an 
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analogous 1H NMR experiment by using a deuterated phosphate buffer solution. Within three 

days, 4.5% of the squaric acid ester was degraded (see Figure S20 in the Supporting 

Information). When it is considered that the reported hydrolytic half-lives of the commonly 

used PEG carboxylic acid N-hydroxysuccinimide esters are in the order of 0.75–23.3 min at pH 

8,[14] this hydrolytic stability of 5 is remarkable and underlines the potential of this reagent to 

enable amino-selective protein conjugation of functional synthetic polymers. 

 

 
Figure 3. Reaction kinetics of SEA-mPEG (2.1 kDa) with Nα-acetyl-L-lysine methyl ester (2 eq.) in 
deuterated borate buffer (pD 9.6) monitored by 1H NMR spectroscopy. 
 

The reaction rate was increased significantly by adding dimethylsulfoxide (DMSO) to the 

reaction. When 2 equivalents of substrate were used and the solvent consisted of 70% 

deuterated borate buffer and 30% [D6]DMSO, the reaction was completed after approximately 

40 min (Figure 4). As before, the increasing signal intensity of the released ethanol was 

monitored. The more pronounced data-point fluctuation in the case of the larger polymers is 

attributed to the lower signal-to-noise ratio. Interestingly, the degree of polymerization, that is, 

44 or 112, had no considerable influence on the reactivity of the ethyl squarate. The reaction 

rates of the second amidation step can be influenced by the amount of substrate. As expected, 

adding equimolar amounts of Ac-Lys-OMe resulted in slightly lower reaction rates than those 

with a twofold excess (Figure 4). Again, the rates did not depend on the molecular weight of the 

PEG derivatives that were used. The hydrolysis of 5 in the presence of DMSO was also found to 
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be faster: 50% of the macromolecular ester was hydrolyzed in 1.5 days (see Figure S19 in the 

Supporting Information). However, in comparison to the timescale of the diamide formation, 

the hydrolysis can be neglected, which should allow for stoichiometric control over the degree 

of PEGylation (see below). 

 

 
Figure 4. Diamide formation in borate buffer/DMSO (7:3) for two SEA-mPEGs with different 
molecular weights and two different concentrations of Nα-acetyl-L-lysine. 
 

Chemoselectivity: The selectivity of SEA-mPEG towards the α- and the ε-amino group of 

lysine was investigated by following the reaction of 5 with one equivalent of L-lysine methyl 

ester dihydrochloride (H-Lys-OMe) in detailed 1H NMR spectroscopy experiments. Figure 5 A 

shows selected regions of a series of NMR spectra recorded in a borate buffer (pD 

9.6)/[D6]DMSO solution (the full spectra can be found in Figure S21 in the Supporting 

Information). The evolving triplet at δ = 1.21 ppm, which can be assigned to the ethanol 

released during the reaction, was used to monitor the total conversion by amidation and is 

plotted against the reaction time in Figure 5 B (black circles). Full conversion was achieved after 

approximately three hours, which is also confirmed by the decaying peak of the terminal methyl 

group of the squaric acid ester amide at δ = 1.5 ppm. The conversion of the lysine ε-amino 

group was calculated from the decreasing signal of the adjacent methylene group at δ = 2.9 ppm 

and is also shown in Figure 5 B (open squares). After an initial phase, the degree of Nε−amide 

formation, which was obtained by dividing the ε-amino group conversion by the total conversion 
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was found to be constantly 70%. Hence, under these conditions, the ε-amino group is more 

reactive than the sterically more hindered α-amino group, which would suggest preferred 

PEGylation of the ε-amino groups in a protein. During the reaction time of three hours, the 

hydrolysis of the polyether s terminal ethyl ester in this solvent is negligible (see above). 

 

 
Figure 5. Reaction kinetics of SEA-mPEG (2.1 kDa) with L-lysine methyl ester (1 eq.) in borate buffer 
(pD 9.6)/[D6]DMSO (7:3). A) Selected regions of the 1H NMR spectra (700 MHz; T = 294 K). B) 
Normalized signal intensities (left scale; black circles: EtOH; open squares: Nε-amide) and the degree of 
Nε-amidation (right scale; gray circles) plotted against reaction time. 
 

When the same reaction was carried out in a deuterated phosphate buffer at pD 8.4, the reaction 

time increased significantly. The amidation was monitored continuously for the first 28 h and 

selected regions of the spectra are shown in Figure 6 A (the full spectra are shown in Figure S22 

in the Supporting Information). As determined from the released ethanol, approximately 70% 

of the SEA-mPEG undergoes amidation during this period of time; after storage of the reaction 

mixture for six days, the conversion increased to 92%. Data derived from two spectra recorded 

after 63 h and 139 h are marked with asterisks in Figure 6 B and only can be regarded as a trend 
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because the sample was stored at room temperature in between the measurements, whereas it 

was kept constantly at 294 K within the spectrometer for the first 28 h. 

 

 
Figure 6. Reaction kinetics of SEA-mPEG (2.1 kDa) with L-lysine methyl ester (1 eq.) in phosphate 
buffer (pD 8.4)/[D6]DMSO (7:3). A) Selected regions of 1H NMR spectra (700 MHz; T = 294 K) 
obtained in the first 28 h. B) Normalized signal intensities (left scale; black circles: EtOH; open squares: 
Nα-amide) and the degree of Nα-amidation (right scale; gray circles) plotted against reaction time. Data 
points marked with asterisks were recorded after resting of the sample at room temperature, whereas 
the reaction was followed at T = 294 K for the first 28 h. 
 

Most interestingly, the chemoselectivity of the SEA-mPEG changes at this pD value compared 

with that in the experiment at pD 9.6. A major fraction of the amino-reactive PEG reacts with 

the α-amino group of lysine. To our knowledge, this is the first time that such behavior has been 

observed for a squaric acid alkyl ester amide. Whereas the signal of the methylene group 

adjacent to the ε-amino group of the lysine derivative exhibited a significant decrease in the 

experiments described above, only a slight decrease occurred during the reaction at the lower 

pD value. Instead, a signal at δ = 2.05 ppm was detected and was assigned to one of the 

diastereotopic protons of the β-carbon atom of lysine, which was PEGylated through the α-
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amino group. After 28 h, 50% of the α-amino groups had been converted; after 63 h, it was 

59%. However, 76 h later, the signal had decreased by 3%. Whether this observation should be 

assigned to a hydrolytic cleavage of the squaramide or to solvent effects is under current 

investigation. The assignment of this signal to one of the β-protons of Nα-PEGylated lysine was 

validated by DOSY (diffusion-ordered spectroscopy) and TOCSY (total correlation 

spectroscopy) NMR experiments on the sample. The TOCSY spectrum (see Figure S26 in the 

Supporting Information) revealed the affiliation of the signal at δ = 2.05 ppm to the spin system 

of the lysine’s alkyl chain and coupling to a signal superimposed by the HDO signal at 

δ = 4.8  ppm, which was assigned to the α-proton of Nα-PEGylated lysine. According to the 

DOSY spectrum (see Figure S27 in the Supporting Information), the aforementioned signals 

belong to a species with the lowest diffusion constant of the system (1×10-10 m2s-1), which 

indicates a PEGylated lysine. The degree of Nα-amidation was found to be approximately 75% 

within the first 28 h and diminished during the course of the reaction. One of the reasons is the 

hydrolysis of the SEA-mPEG, which has to be taken into account because the total conversion 

took longer than 140 h. As the lysine derivative can be seen as a model for the N terminus of a 

protein, it might be possible to use SEA-PEGs for the selective PEGylation of a protein’s N 

terminus at a specific pH value which is currently under investigation. The reaction of 5 with H-

Lys-OMe in the deuterated borate buffer/DMSO solution was also carried out at a lower 

temperature (283 K). Apart from a prolonged reaction time (total conversion was achieved after 

9 h), no significant differences to the experimental results illustrated in Figure 5 were observed. 

Again, the lysine derivative was PEGylated mainly at the ε-amino group and the degree of Nε-

amidation was around 70% (see Figure S23 in the Supporting Information). These experiments 

clearly prove the versatility and the superior hydrolytic stability of squaric acid ester amides over 

the conventional activated esters used in protein PEGylation. 

Besides the amino groups of the lysine residues or the N terminus, other nucleophilic amino 

acids may potentially react with the activated polyethers 4 and 5, such as the hydroxy group of 

serine, the guanidine group of arginine, and histidine’s imidazole moiety. To evaluate the 

selectivity of the squaric acid modified PEGs towards amine groups, the reactivity of 5 towards 

arginine and histidine residues was investigated in 1H NMR experiments analogous to those 

described earlier. N-tert-Butoxycarbonyl-L-histidine methyl ester (Boc-His-OMe) served as the 

histidine model compound with protected α-amino and carboxylic acid groups, and a solution of 

70% deuterated borate buffer with 30% [D6]DMSO was used as the solvent. As before, the 
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signal intensity of the methyl group of ethanol released in the course of the reaction was 

monitored for 12 h (1.5 equivalents of protected amino acid were used; see Figure S25 in the 

Supporting Information). The NMR experiments revealed the release of only 5% ethanol over 

this time period, which is identical to the loss of ethyl ester groups that was observed during the 

experiments that were carried out to assess the hydrolytic stability of 5 (see above). This clearly 

indicates that 5 is essentially nonreactive towards histidine. A similar result was obtained from 

experiments with Nα-p-tosyl-L-arginine methyl ester hydrochloride (Ts-Arg-OMe). Even after 

2.5 h, the expected resonance of the methyl group of ethanol was barely visible (see Figure S24 

in the Supporting Information). Thus, undesired PEGylation of histidine and arginine residues 

with 5 under these conditions can be ruled out. In addition to reaction with arginine and 

histidine residues, another possible side-reaction during protein conjugation could involve 

transesterification with hydroxy side chain functional amino acids, such as serine. In principle, 

however, the reaction of 4 or 5 with serine, or another hydroxy-containing amino acid, would 

merely generate another PEG squaric acid monoester derivative, which would still be reactive 

towards amine groups and, as a consequence, would not be expected to compromise the 

chemoselectivity of the SEA-PEG derivatives. To evaluate this hypothesis, a mixture of two 

equivalents each of Ac-Lys-OMe and N-benzyloxycarbonyl-L-serine methyl ester (Z-Ser-OMe) 

was treated with 5 in a solution of ethanol with triethylamine as an additive. MALDI-TOF MS 

analysis of the reaction products only indicated the formation of the diamide (see Figure S9 in 

the Supporting Information). This clearly proves that the novel SEA-PEGs can chemoselectively 

PEGylate proteins at the amino groups of lysine residues and probably the N terminus without 

interference by arginine, histidine, or serine moieties. The reaction of squaric acid ester amides 

with low molecular weights towards cysteine has already been studied and was found to result 

exclusively in the corresponding squaramide because the thioester formation is reversible.[15] 

Therefore, in the presence of amino groups, squaric acid mediated PEGylation at cysteine 

residues is unlikely. 

Bioconjugation: The bioconjugation of the novel activated PEGs was investigated with a 

model protein, namely bovine serum albumin (BSA), the primary structure of which consists of 

59 lysine residues,[16] from which 30–35 are available for covalent attachment.[17] 10-, 20-, 50-, 

and 100-fold excesses of 5 were fed to solutions of the protein in an aqueous borate buffer  

(pH 10). These amounts correspond to 0.29, 0.57, 1.4, and 2.9 equivalents of the available 
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lysine residues, respectively. Two series of conjugates with varying molecular weights of 5, that 

is, a 2.1 kDa polymer (Table 1, conjugates A–D) and a 5.1 kDa polymer (Table 1, conjugates 

E–H), were prepared. All PEGylated proteins were purified by dialysis and isolated after 

freeze–drying in almost quantitative yields (with respect to the amount of BSA used). Figure 7 

shows the sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) results for the 

obtained conjugates (lanes 3 to 10) and the unmodified BSA (lane 2), as well as a molecular-

weight size marker (lane 1). The absence of free unmodified BSA in all of the lanes indicates 

complete conversion of the native protein. All conjugates exhibit significantly increased 

molecular weights compared to BSA, which evidences modification of the protein in all cases.  

 

Table1. Sizes and degrees of PEGylation for the mPEG–protein conjugates. 

Conjugate MPEG [kDa] nPEG/nBSA
[a] MCon [kDa][b,c] nPEG/nBSA

[c] 

A 2.1 10 87.0 10.0 

B 2.1 20 106.5 19.4 

C 2.1 50 117.5 24.7 

D 2.1 100 136.0 33.5 

E 5.1 10 112.3 9.1 

F 5.1 20 157.4 18.0 

G 5.1 50 226.0 31.5 

H 5.1 100 240.0 34.2 

[a] Ratio applied. [b] Determined by SEC-RALS analysis. [c] Ratio found. 
 

The samples prepared by adding a 10- and 20-fold molar excess of the polymer show a clear 

difference in their apparent size, whereas the conjugates obtained from the batches treated with 

50 and 100 equivalents displayed only slight differences. The PEGylated BSA synthesized with 

100 equivalents of the 5.1 kDa polymer barely moved through the gel (Figure 7, lane 10). These 

results were in very good agreement with the results obtained by SEC and measured with a 

right-angle light-scattering detector (SEC-RALS), which provided a more specific size analysis of 

the synthesized protein–polymer conjugates. The SEC traces of all samples including the 

unmodified protein tailed to higher molecular weights, which indicates the presence of a small 

fraction of dimeric BSA in the commercial protein; this is also visible in the SDS-PAGE result 
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for the unmodified BSA (Figure 7, lane 2). From the absolute number-averaged molecular 

weights determined by the SEC-RALS analysis, the average number of PEG chains attached to a 

protein was calculated (Table 1). 

 

 
Figure 7. SDS-PAGE (6 %) results of BSA (lane 2) and BSA–polymer conjugates prepared by different 
feeds of either 2.1 kDa SEA-mPEG (lanes 3–6) or 5.1 kDa SEA-mPEG (lanes 7–10) in aqueous borate 
buffer (pH 10). 
 

For the conjugates synthesized with low feeds of 5 (A, B, E, and F), the average number of 

polymers bound to BSA corresponded well to the targeted ratio of polymer/protein and 

confirmed stoichiometric PEGylation of BSA without loss of active polymer. This is rationalized 

by the extreme hydrolytic stability of the reactive ester amide at the polymer chain end. D and 

H carry approximately 34 polymer chains, respectively, which indicated quantitative 

PEGylation of the surface-available lysines. In order to investigate the influence of the 

PEGylation reaction conditions, especially the elevated pH value, on the protein structure, 

circular dichroism (CD) spectra of both BSA and the PEGylated BSA samples were recorded. 

The CD spectroscopy experiments demonstrated that the structure of the model protein BSA 

was not changed by the squaric acid mediated PEGylation with 5 (Mn = 2.1 kDa), regardless of 

the degree of PEGylation (CD spectra of BSA, B, and D are provided in Figure S29 in the 

Supporting Information). The high pH protocol is probably not suitable for all proteins. 

However, some proteins like rabbit kidney cytokinase and catechol 1,2-dioxygenase exhibit 

maximal activity at pH 8.5 or 9, for example.[18] For the production of PEGASYS, one of the 

most prominent PEGylated therapeutics on the market, human interferon α-2a is PEGylated in a 

borate buffer at pH 9 at 4 °C.[19] The results of kinetic studies on the reaction of SEA-mPEGs 

with L-lysine methyl ester at pD 8.4 suggest a promising outcome for the squaric acid mediated 
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PEGylation under less basic conditions. Furthermore, Luk and coworkers demonstrated the 

reactivity of low-molecular-weight squaric acid ethyl ester alkyl derivatives towards peptides 

with N-terminal cysteines under very mild conditions (neutral pH value).[15] The applicability of 

these procedures to our PEGylation agents is under current investigation. 

The hydroxy-functionalized SEA-PEGs, 4, were found to be equally suitable for the 

PEGylation of BSA as the methyl ether derivatives (see Figure S28 in the Supporting 

Information). 

Conclusions 

We have demonstrated the single-step activation of α-amino PEGs with commercially available 

diethyl squarate (1). This general protocol proved to be highly selective for PEGylation of lysine 

residues, without side reactions at other nucleophilic amino acid residues, on the model protein 

BSA in aqueous systems at room temperature. In comparison with standard PEGylation agents, 

the squaric acid ester amide activated polyethers proved to have prolonged hydrolytic stability 

(half-life of several days at pD 9.6), which broadens the applicability of PEGylation reactions in 

biologically interesting media and guarantees efficient PEGylation even over a long reaction 

time. Furthermore, the squaric acid mediated PEGylation tolerates hydroxy-functionalized PEG 

derivatives and, as shown recently, even polyglycerol derivatives,[11d] which gives the 

opportunity for labeling or attachment of targeting functions to the polymer chains in 

subsequent reactions. 

Detailed NMR investigations proved a remarkable change in the chemoselectivity of the 

squaric acid activated PEG: Whereas mainly the ε-amino group of lysine is PEGylated at elevated 

pD values, the major product in a less basic environment is the Nα-amide of lysine. This 

selectivity and high hydrolytic stability renders the squaric acid mediated PEGylation superior 

over many other activated ester techniques for protein modification. The chemoselectivity of the 

SEA-PEGs will be explored in further studies. 

Experimental Section 

Materials: All reagents and solvents were purchased from Acros Organics or Sigma–Aldrich 

and used without further purification unless stated otherwise. Diisopropylazodicarboxylate was 

purchased from Apollo Scientific and aqueous borate buffer (pH=10) from Fisher Scientific. Nα-
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acetyl-L-lysine methyl ester hydrochloride and N-tert-butoxycarbonyl-L-histidine methyl ester 

were bought from Bachem. The dialysis membranes (Spectra/Por 1, MWCO = 68 kDa, 40 mm 

flat width, Spectra/Por 6, MWCO = 50 kDa, 34 mm flat width) were obtained from Spectrum 

Laboratories. Deuterated solvents were purchased from Deutero GmbH and except for 

deuterium oxide were stored over molecular sieves (3Å). Dibenzylamino ethanol was 

synthesized according to a known protocol.[20]  

Instrumentation: 1H NMR spectra were recorded at 294 K, unless stated otherwise, either 

on a Bruker ARX 400 with a 5mm BBO probe (400 MHz spectra) or a Bruker Avance III 700 

(16,4 T) with a 5 mm z-gradient BBI invers 1H/X probe (700 MHz spectra). Spectra recorded 

on the 700 MHz spectrometer were regulated by a standard 1H methanol NMR sample using the 

topspin 3.0 software (Bruker). The spectra were referenced against the residual HDO at 

δ(1H) = 4,80 ppm. All 1D spectra were processed with MestReNova 6.1.1-6384 software. The 

2D-TOCSY program was run with the MLEV17 sequence for the homonuclear Hartman–Hahn 

transfer with a “tocsy” mixing time of 100 ms. For the 700 MHz probe, the spectrum was 

obtained with π/2-pulse length of 9.3 µs (1H) and a sweep width of 8400 Hz (12 ppm) for both 

dimensions. A relaxation delay of 3s was chosen for the 2D experiment. The DOSY 

experiments were recorded with a 5 mm BBI 1H/X z-gradient probe and a gradient strength of 

5.516 G mm-1 on the 700 MHz spectrometer by using a double-stimulated echo for convection 

compensation. The relaxation time was 2 s, the diffusion delay was kept at 90 ms and the 

gradient pulse with a length of 1600 µs. For the calibration of the gradient strength, a sample of 
2H2O/1H2O was measured at a defined temperature and compared with the literature diffusion 

coefficient of 2H2O/1H2O.[21] 2D spectra were processed with Topspin 3.0. For SEC 

measurements, a 9:1 mixture of phosphate buffer (0.1 M, pH 6.5)/methanol was used at a flow 

rate of 0.5 mL min-1 on Shodex OHpak 804 and 805 columns in a Viscotek TDA 300 instrument 

with triple detection at 25°C, equipped with a MetaChem degasser, a Viscotek VE 1121 GPC 

solvent pump, and a VE 5200 GPC autosampler. SEC measurements in N,N-dimethyl-

formamide (DMF) containing 0.25 g L-1 of lithium bromide as an additive were performed on an 

Agilent 1100 Series as an integrated instrument with a Polymer Standards Service (PSS) 

hydroxyethyl methacrylate column (106/105/104 g mol-1), an RI detector, and a UV detector 

operating at 275 nm. Calibration was executed using poly(ethylene oxide) standards from PSS. 

MALDI-TOF MS measurements of all polymers were recorded on a Shimadzu Axima CFR 



 88 2 Squaric Acid Mediated PEGylation 

MALDI-TOF mass spectrometer, equipped with a nitrogen laser delivering 3 ns laser pulses at 

337 nm. α-Cyanohydroxycinnamic acid was used as a matrix and potassium trifluoroacetate was 

added for ion formation. SDS-PAGE was carried out with 4–8% Tris-HCl gels (Biorad, 

0.75 mm, 10 wells). Circular dichroism (CD) spectra were recorded on a JASCO J-815 CD 

spectrometer equipped with a PTC-423S Peltier type temperature-control system at 20.0 °C in 

a 1 mm cell in water with analyte concentrations of 1.5 µmol L-1 and a band width of 1.0 nm at 

a scanning speed of 50 nm s-1 (data pitch: 0.1 nm). Spectra presented are accumulations of 10 

individual measurements each. IR spectra were recorded on a Thermo Scientific Nicolet iS10 

FT-IR spectrometer, equipped with a diamond attenuated-total-reflectance unit and were 

processed with OMNIC 8.1.210 software. 

α-Amino-ω-hydroxy-poly(ethylene glycol) (2): Hydrogenation of α-dibenzylamino-ω-

hydroxy-PEG (7) was carried out analogously to a known protocol.[12] Details are given in the 

Supporting Information. 

α-Squaric acid ester amido ω-hydroxy-poly(ethylene glycol) (4): A solution of 2 

(500 mg, 0.222 mmol), diethyl squarate (340 mg, 1.99 mmol), and triethylamine (230 mg, 

2.27 mmol) was stirred in a mixture of water (6.3 mL) and ethanol (6.3 mL) for 4 h. After 

removal of the ethanol with a rotational evaporator, the solution was extracted with 

dichloromethane three times. The combined organic phases were dried over sodium sulfate, and 

the product was precipitated several times from methanol in cold diethyl ether. After 

confirmation of complete removal of the diethyl squarate by thin layer chromatography, the 

SEA-PEG was dried in vacuo and eventually lyophilized from distilled water to give a colorless 

powder; 1H NMR (400 MHz, [D6]DMSO, 21°C): δ = 8.81 (br s, 0.52H; NH), 8.63(br s, 

0.47H; NH), 4.65 (q, 3J (H,H) = 6.9 Hz, 2H; CH2-CH3), 4.57 (t, 3J (H,H) = 5.4 Hz, 1H; OH) 

3.87–3.35 (m, 203H; (CH2CH2O)n), 1.37 ppm (t, 3J (H,H) = 7.0 Hz, 3H; CH2–CH3); IR 

(ATR): 𝜈̅ = 3435, 2882, 1802 (C=O)s, 1706 (C=O)as, 1609 (C=C), 1466, 1454, 1359, 1341, 

1279, 1241, 1147, 1099, 1059, 960, 841 cm-1. 

α-Squaric acid ester amido poly(ethylene glycol) ω-methyl ether (5): α-Amino-

mPEG[9] (1 mmol), triethylamine (1.02 g, 10.1 mmol), and diethyl squarate (860 mg, 

5.05 mmol) were dissolved in ethanol (50 mL). After the mixture had been stirred for 24 h at 

room temperature, the solvent was removed under reduced pressure. The crude product was 

precipitated several times from dichloromethane in cold diethyl ether. After confirmation of 
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complete removal of the diethyl squarate by thin layer chromatography, the SEA-mPEG was 

dried in vacuo and eventually lyophilized from distilled water to give a colorless powder; 

yield:  57–63 %; 1H NMR (400 MHz, [D6]DMSO, 21 °C): δ = 8.80 (br s, 0.56 H; NH), 8.62 

(br s, 0.44H; NH), 4.65 (q, 3J(H,H) = 7 Hz, 2H; CH2–CH3), 3.80–3.25 (m, 215H; 

(CH2CH2O)n), 3.24 (s, 3H; O–CH3), 1.37 ppm (t, 3J(H,H) = 7 Hz, 3H; CH2–CH3); 

IR (ATR): 𝜈̅ = 2883, 1803 (C=O)s, 1710 (C=O)as, 1612 (C=C), 1466, 1454, 1359, 1340, 

1279, 1240, 1146, 1103, 1060, 947, 841 cm-1. 

α-Dibenzylamino-ω-hydroxy-poly(ethylene glycol) (7): Under argon, dibenzyl-

aminoethanol (6, 603.3 mg, 2.50 mmol) was placed in a dry Schlenk flask and dissolved in 

benzene (10 mL). Traces of moisture were removed by azeotropic distillation of benzene and 

subsequent drying at 333 K under high vacuum for 14 h. After dry THF (20 mL) had been cryo-

transferred into the Schlenk flask, it was flooded with argon and, under vigorous stirring, a 1 M 

solution of potassium naphthalenide in THF (2 mL; prepared from potassium (235 mg, 

6.0 mmol), naphthalene (770 mg, 6.0 mmol), and dry THF (6 mL) in a glove box) was added 

slowly. The hydrogen released and half of the amount of THF were removed by distillation 

under reduced pressure. After ethylene oxide (5.0 g, 0.11 mol) had been cryo-transferred 

through a graduated ampule into the initiator solution, the flask was closed tightly and stirred 

overnight at 323 K. Methanol (2 mL) was added and the polymer was precipitated twice in cold 

diethyl ether. Filtration and subsequent drying under reduced pressure gave 7 in quantitative 

yields; 1H NMR (400 MHz, CDCl3, 21 °C): δ = 7.38–7.14 (m, 10H; CHAr), 3.95–3.25 (m, 

219H; PhCH2, (CH2CH2O)n), 2.65 ppm (t, 3J(H,H) = 8.2 Hz, 2H; CH2–NBn2). Attention must 

be paid when working with the gaseous, toxic, and flammable ethylene oxide. 

Typical protocol for the PEGylation of BSA: Solutions of BSA (25 mg, 379 nmol) in an 

aqueous borate buffer (250 µL, pH 10) were treated with various amounts of SEA-mPEG 

(2.1 kDa) and stirred for 2 days. The solutions were dialyzed against distilled water 

(MWCO = 50 kDa). Upon lyophilization, the conjugates were obtained quantitatively. Further 

information is available in the Supporting Information. 

The reaction of 5 with Ac-Lys-OMe in the presence of Z-Ser-OMe: Ac-Lys-OMe 

(11.9 mg, 50 µmol), Z-Ser-OMe (12.7 mg, 50 µmol), and 5 (50.0 mg, 24 µmol) were stirred 

in ethanol (2 mL) with triethylamine (100 µL) as an additive for 12 h. After the solvent had been 
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evaporated, the product was precipitated from dichloromethane in cold diethyl ether three 

times; yield: 48.3 mg (89 %). 

Kinetic studies: Typical reaction kinetics protocol for the reaction of 5 with H-Lys-OMe in 

borate buffer with DMSO. H-Lys-OMe (4.4 mg, 19 µmol) and 5 (40.0 mg, 19 µmol) were 

dissolved in a 7:3 mixture of a 0.1 M deuterated borate buffer and [D6]DMSO (600 µL) in an 

NMR tube. After locking and shimming, a 1H NMR spectrum (700 MHz) was recorded with 32 

scans and a relaxation delay of 10 s at T = 294 K every 1.69 min for 3.4 h. All spectra were 

processed (Fourier transformation, phase correction, baseline correction) and referenced to the 

solvent signal (DMSO). All signals were integrated in the same limits. 

Reaction kinetics protocols for all reactions monitored by 1H NMR spectroscopy are described 

in the Supporting Information. 
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1. Synthetic protocols 

1.1 α-Amino ω-hydroxy-poly(ethylene glycol) 2 

Hydrogenation of α-Dibenzylamino ω-hydroxy-PEG (7) was carried out analogous to a known 

protocol.[1] 7 (3.96 g, 1.65 mmol) and Pearlman’s catalyst (400 mg) were stirred under 

hydrogen atmosphere (80 bar) for 3 days in a solution of water (20 mL), THF (20 mL), and 

methanol (40 mL) in a stainless steel reactor. The solution was filtered through celite and the 

filter cake washed with 2 L of methanol. After removal of the solvent the crude product was 

precipitated from dichloromethane (DCM) in cold diethyl ether twice. Lyophilization from 

distilled water yielded 2.80 g (1.24 mmol, 75%) as a colorless powder. 1H NMR (400 MHz, 

CDCl3): δ [ppm] = 3.92-3.34 (m, 215H, (CH2CH2O)n), 2.82 (t, 0.7H, J = 5.4 Hz;  

-CH2-NH3
+), 2.63 (t, 1.3H, J = 6.0 Hz; -CH2-NH2). 

 

1.2 PEGylation of BSA with SEA–mPEG of 2100 g·mol-1(conjugates A – D) 

Solutions of BSA (25 mg, 379 nmol) in an aqueous borate buffer (250 μL, pH = 10) were 

treated with various amounts of SEA-mPEG (details provided in Table S1) and stirred for 2 
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days. The solutions were dialyzed against distilled water (MWCO = 50 kDa). Upon 

lyophilization the conjugates were yielded quantitatively. 

 
Table S1. Amounts of SEA-mPEG (2.1 kDa) batched in PEGylation and found in the conjugates. 

Sample mPEG
[a] / mg nPEG 

[a]/ µmol Mn
[b] / kDa nPEG/nBSA

[b,c] 

A 8.0 3.79 87.0 10.0 

B 15.9 7.58 106.5 19.4 

C 39.8 18.9 117.5 24.7 

D 79.5 37.9 136.0 33.5 

afed, bdetermined by SEC-RALS, cfound 

 

1.3 PEGylation of BSA with SEA–mPEG of 5100 g·mol-1(conjugates E – H) 

Solutions of BSA (12.5 mg, 189 nmol) in an aqueous borate buffer (250 μL, pH = 10) were 

treated with various amounts of SEA-mPEG (details provided in Table S2) and stirred for 2 

days. The solutions were dialyzed against distilled water (MWCO = 50 kDa). Upon 

lyophilization the conjugates were yielded quantitatively. 

 
Table S2. Amounts of SEA-mPEG (5.1 kDa) batched in PEGylation and found in the conjugates. 

Sample mPEG
[a] / mg nPEG 

[a]/ µmol Mn
[b] / kDa nPEG/nBSA

[b,c] 

E 9.7 1.89 112.3 9.1 

F 19.3 3.79 157.4 18.0 

G 38.6 7.58 226.0 31.5 

H 96.6 18.9 240.0 34.2 

afed, bdetermined by SEC-RALS, cfound 
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1.4 PEGylation of BSA with α-squaric acid ester amido ω-hydroxy-PEG (4) 

The PEGylations of BSA using 4 as reagent were carried out analogous to those with 2.1 kDa 

SEA-mPEGs as described under 1.2. 

 

 

2. Reaction kinetics protocols 

2.1 Hydrolysis of 5 in borate buffer (pD = 9.6) 

5 (50.0 mg, 24 µmol) was dissolved in 600 µL of a 0.1 M solution of sodium tetraborate 

decahydrate in deuterium oxide in a NMR tube. Time was recorded when the polymer had 

dissolved completely. 1H NMR spectra (400 MHz) were recorded with 32 scans and a relaxation 

delay of 1 s at T = 294 K on a daily basis. All spectra were processed (Fourier transformation, 

phase correction, baseline correction) and referenced to the solvent signal. All signals were 

integrated in the same limits and normalized to the singlet of the methoxy group of mPEG at 

3.36 ppm.  

 

2.2 Hydrolysis of 5 in phosphate buffer (pD = 8.4) 

5 (42.0 mg, 20 µmol) was dissolved in 600 µL of a deuterated phosphate buffer (18.6 mg 

(137 µmol) KH2PO4 and 150.1 mg (862 µmol) K2HPO4 dissolved in D2O (10.0 mL)) in a NMR 

tube. Time was recorded when the polymer had dissolved completely. 1H NMR spectra 

(400 MHz) were recorded with 32 scans and a relaxation delay of 10 s at T = 294 K on a daily 

basis. All signals were integrated in the same limits and normalized to the singlet of the methoxy 

group of mPEG at 3.36 ppm.  

 

2.3 Hydrolysis of 5 in borate buffer with DMSO 

5 (30.0 mg, 14 µmol) was dissolved in 600 µl of a 7:3 mixture of a 0.1 M deuterated borate 

buffer and DMSO-d6 in a NMR tube. Time was recorded when the polymer had dissolved 

completely. 1H NMR Spectra (400 MHz) were recorded with 32 scans and a relaxation delay of 

1 s at T = 294 K on a daily basis. All spectra were processed (Fourier transformation, phase 
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correction, baseline correction) and referenced to the solvent signal (DMSO). All signals were 

integrated in the same limits and normalized to the singlet of the methoxy group of mPEG at 

3.36 ppm.  

 

2.4 Hydrolysis of 5 in phosphate buffer with DMSO 

5 (42.0 mg, 20 µmol) was dissolved in 600 µl of a 7:3 mixture of deuterated phosphate buffer 

(18.6 mg (137 µmol) KH2PO4 and 150.1 mg (862 µmol) K2HPO4 dissolved in D2O (10.0 mL)) 

and DMSO-d6 in a NMR tube. Time was recorded when the polymer had dissolved completely. 
1H NMR spectra (400 MHz) were recorded with 32 scans and a relaxation delay of 10 s at 

T = 294 K on a daily basis. All signals were integrated in the same limits and normalized to the 

singlet of the methoxy group of mPEG at 3.36 ppm.  

 

2.5 Reaction of 5 with Ac-Lys-OMe in borate buffer (pD = 9.6) 

Ac-Lys-OMe (11.4 mg, 48 µmol) and 5 (50.0 mg, 24 µmol) were dissolved in 600 µL of a 

0.1 M solution of sodium tetraborate decahydrate in deuterium oxide in a NMR tube. Time was 

recorded when both, substrate and polymer, had dissolved completely. After locking and 

shimming a 1H NMR spectrum (400 MHz) was recorded with 8 scans and a relaxation delay of 

1 s at T = 294 K every 30 min for 12 h. All spectra were processed (Fourier transformation, 

phase correction, baseline correction) and referenced to the solvent signal. All signals were 

integrated in the same limits and normalized to the singlet of the methoxy group of mPEG at 

3.36 ppm. The reaction kinetics was followed by monitoring the resonance of the methyl group 

of the released ethanol at 1.16 ppm. 

 

2.6 Reaction of 5 with Ac-Lys-OMe in borate buffer with DMSO 

The polymer (40.0 mg) and Ac-Lys-OMe (either 1 or 2 equivalents) were dissolved 600 µl of a 

7:3 mixture of a 0.1 M deuterated borate buffer and DMSO-d6 in a NMR tube. Time was 

recorded when both, substrate and polymer, had dissolved completely. After locking and 

shimming a 1H NMR spectrum (400 MHz) was recorded with 8 scans and a relaxation delay of 

1 s at T = 294 K every 2 min for 1 h. All spectra were processed (Fourier transformation, phase 
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correction, baseline correction) and referenced to the solvent signal (DMSO). All signals were 

integrated in the same limits and normalized to the singlet of the methoxy group of mPEG at 

3.36 ppm. The reaction kinetics was followed by monitoring the resonance of the methyl group 

of the released ethanol at 1.16 ppm. 

 

2.7 Reaction of 5 with Ts-Arg-OMe in borate buffer with DMSO 

Ts-Arg-OMe (18.0 mg, 48 µmol) and 5 (50.0 mg, 24 µmol) were dissolved 600 µl of a 7:3 

mixture of a 0.1 M deuterated borate buffer and DMSO-d6 in a NMR tube. Time was recorded 

when both, substrate and polymer, had dissolved completely. After locking and shimming a 1H 

NMR spectrum (400 MHz) was recorded with 8 scans and a relaxation delay of 1 s at T = 294 K 

every 5 min for 2.5 h. All spectra were processed (Fourier transformation, phase correction, 

baseline correction) and referenced to the solvent signal (DMSO). All signals were integrated in 

the same limits and normalized to the singlet of the methoxy group of mPEG at 3.44 ppm. The 

reaction kinetics was followed by monitoring the resonance of the methyl group of the released 

ethanol at 1.24 ppm. 

 

2.8 Reaction of 5 with Boc-His-OMe in borate buffer with DMSO 

Boc-His-OMe (12.8 mg, 48 µmol) and 5 (50.0 mg, 24 µmol) were dissolved 600 µl of a 7:3 

mixture of a 0.1 M deuterated borate buffer and DMSO-d6 in a NMR tube. Time was recorded 

when both, substrate and polymer, had dissolved completely. After locking and shimming a 
1H NMR spectrum (400 MHz) was recorded with 8 scans and a relaxation delay of 1 s at 

T = 294 K every minute for 30 min. Afterwards, 24 further spectra were recorded every 

30 min. All spectra were processed (Fourier transformation, phase correction, baseline 

correction) and referenced to the solvent signal (DMSO). All signals were integrated in the 

same limits and normalized to the singlet of the methoxy group of mPEG at 3.41 ppm. The 

reaction kinetics was followed by monitoring the resonance of the methyl group of the released 

ethanol at 1.23 ppm. 
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2.9 Reaction of 5 with H-Lys-OMe in borate buffer with DMSO 

5 (40.0 mg, 19 µmol) were dissolved in 600 µl of a 7:3 mixture of a 0.1 M deuterated borate 

buffer and DMSO-d6 in a NMR tube. After locking and shimming a 1H NMR spectrum 

(700 MHz) was recorded with 32 scans and a relaxation delay of 10 s at T = 294 K every 1.69 

min for 3.4 h. All spectra were processed (Fourier transformation, phase correction, baseline 

correction) and referenced to the solvent signal (DMSO). All signals were integrated in the 

same limits. 

 

2.10 Reaction of 5 with H-Lys-OMe in phoshate buffer with DMSO 

5 (40.0 mg, 19 µmol) were dissolved in 600 µl of a 7:3 mixture of a deuterated phosphate 

buffer (18.6 mg (137 µmol) KH2PO4 and 150.1 mg (862 µmol) K2HPO4 dissolved in D2O 

(10.0 mL)) and DMSO-d6 in a NMR tube. After locking and shimming a 1H NMR spectrum 

(700 MHz) was recorded with 32 scans and a relaxation delay of 10 s at T = 294 K every 1.69 

min for 28 h. 63 h and 139 h after the reaction was started two more spectra of the sample were 

recorded. All spectra shown were processed (Fourier transformation, phase correction, baseline 

correction) and referenced to the solvent signal (DMSO). All signals were integrated in the 

same limits. 

 

2.11 Reaction of 5 with H-Lys-OMe in borate buffer with DMSO, T = 283 K 

5 (35.2 mg, 16.8 µmol) were dissolved in 530 µl of a 7:3 mixture of a 0.1 M deuterated borate 

buffer and DMSO-d6 in a NMR tube. After locking and shimming a 1H NMR spectrum 

(700 MHz) was recorded with 32 scans and a relaxation delay of 10 s at T = 283 K every 1.69 

min for 12 h at 283 K. All spectra shown were processed (Fourier transformation, phase 

correction, baseline correction) and referenced to the solvent signal (DMSO). All signals were 

integrated in the same limits. 
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3. 1H NMR spectra 

 
Chemical shift / ppm 

Figure S1. 1H NMR spectrum (400 MHz) of 2 (with n = 53, 2.4 kDa) in DMSO-d6 at T = 294 K. 

 

 
Chemical shift / ppm 

Figure S2. 1H NMR spectrum (400 MHz) of 4 (with n = 53, 2.5 kDa) in DMSO-d6 at T = 294 K. 
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Chemical shift / ppm 

Figure S3. 1H NMR spectrum (400 MHz) of 5 (with n = 44, 2.1 kDa) in DMSO-d6 at T = 294 K. 

 

 

Chemical shift / ppm 

Figure S4. 1H NMR spectrum (400 MHz) of 5 (with n = 113, 5.1 kDa) in DMSO-d6 at T = 294 K. 
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Chemical shift / ppm 

Figure S5. 1H NMR spectrum (400 MHz) of 7 (n = 53, 2.6 kDa) in DMSO-d6 at T = 294 K. 
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4. MALDI-ToF mass spectra 

 
Figure S6. MALDI-ToF mass spectrum of 2 (2.4 kDa). Matrix: CHCA, Salt: KTFA. 

 

 
Figure S7. MALDI-ToF mass spectrum of 4 (2.5 kDa). Matrix: CHCA, Salt: KTFA. 
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Figure S8. MALDI-ToF mass spectrum of 5 (5.1 kDa). Matrix: CHCA, Salt: KTFA. 
 

 

Figure S9. MALDI-ToF mass spectrum of 5 (2.1 kDa) after reaction with 2 eq. of Ac-Lys-OMe and Z-
Ser-OMe, respactively. Matrix: CHCA, Salt: KTFA. Note: A very small amount of species with hydrolyzed 
methyl ester can be detected in some cases (red). 
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Figure S10. MALDI-ToF mass spectrum of 7 (2.6 kDa). Matrix: CHCA, Salt: KTFA. 
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5. IR spectra 

 

Figure S11. IR spectrum of 4 (with n = 53, 2.5 kDa).  

 

 

Figure S12. IR spectrum of 5 (with n = 44, 2.1 kDa).  
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6. SEC elugrams 

 
Figure S13. SEC elugrams of 2 (2.5 kDa) and its precursors (from SEC in DMF, RI detector signal). 
Note: The amino PEGs often revealed a broadening of the mass distribution in the SEC analysis (on our system) 
leading to an increase in the apparent Mw/Mn ratio (polydispersity index, PDI). Sometimes, even bimodal SEC traces 
were observed. This effect was attributed to interactions of the amino moiety with the poly(HEMA) columns of the 
chromatograph. Upon derivatization the PDIs decreased significantly, confirming that the enhanced PDI-values were 
an artifact of the SEC-method. 
 

 
Figure S14. SEC elugrams of 4 (5.1 kDa) and its precursors, RI detector, eluent: DMF.  
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Figure S15. SEC elugrams of BSA and the conjugates A – D, RI detector, eluent: aqueous PBS 0.1 M, 
pH = 6.5 with 10% MeOH. Note: The high molecular weight “shoulder” indicates the presence of BSA-dimers in 
the commercial batch. 
 

 
Figure S16. SEC elugrams of BSA and the conjugates E – H, RI detector, eluent: Aqueous PBS 0.1 M, 
pH = 6.5 with 10% MeOH. 
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7. Reaction kinetics monitored by 1H NMR spectroscopy 
 

 
Figure S17. Reaction of SEA-mPEG (2.1 kDa) with Ac-Lys-OMe in deuterated 0.1 M borate buffer. 
The reaction was followed by 1H NMR spectroscopy (400 MHz) at T = 294 K. Methyl resonance 
intensity of released ethanol plotted vs. time, normalized to resonance of a. Monitored peak highlighted 
in 1H NMR spectra (detail, last spectra omitted for clarity). 
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Figure S18. Hydrolysis of SEA-mPEG (2.1 kDa) in deuterated borate buffer (pD = 9.6). The reaction 
was followed by 1H NMR spectroscopy (400 MHz) at T = 294 K. Resonance intensity of h plotted vs. 
time and normalized to resonance of a. 
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Figure S19. Hydrolysis of SEA-mPEG (2.1 kDa) in deuterated borate buffer (pD = 9.6)/DMSO-d6 
(7/3). The reaction was followed by 1H NMR spectroscopy (400 MHz) at T = 294 K. Resonance 
intensity of h plotted against time, normalized to resonance of a. 
  



 112 2 Squaric Acid Mediated PEGylation 

 

 
Figure S20. Hydrolysis of SEA-mPEG (2.1 kDa) in deuterated phosphate buffer (pD = 8.4) (red 
circles) and deuterated phosphate buffer (pD = 8.4)/DMSO-d6 (7/3) (black squares). The reaction was 
followed by 1H NMR spectroscopy (400 MHz) and spectra recorded at T = 294 K. Resonance intensities 
of h and i plotted against time, normalized to resonance of a.  
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Figure S21. 1H NMR spectra (700 MHz) of the reaction of SEA-mPEG (2.1k Da) with 1 eq. of L-lysine 
methyl ester in borate buffer (pH = 9.6)/DMSO (7/3) at T = 294 K. 
 

 
Figure S22. 1H NMR spectra (700 MHz) of the reaction of SEA-mPEG (2.1k Da) with 1 eq. of L-lysine 
methyl ester in phosphate buffer (pH = 8.4)/DMSO (7/3) at T = 294 K (first 28 h). 



 114 2 Squaric Acid Mediated PEGylation 

 
Figure S23. Reaction of SEA-mPEG (2.1k Da) with 1 eq. of l-lysine methyl ester in borate buffer (pH 
= 9.6)/DMSO (7/3) at T = 283 K. Left: 1H NMR spectra (700 MHz). Right: Normalized signal 
intensities (black, left scale. Full circles: EtOH. Open squares: Nα-amide) and the degree of Nα-
amidation (grey, right scale) plotted against reaction time. 
 

 
Figure S24. Reaction of SEA-mPEG (2.1 kDa) with Ts-Arg-OMe in deuterated borate buffer 
(pD = 9.6)/DMSO-d6 (7/3). Methyl resonance intensity of released ethanol plotted against time, 
normalized to resonance of a. 
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Figure S25. Reaction of SEA-mPEG (2.1 kDa) with Boc-His-OMe in deuterated borate buffer 
(pD = 9.6)/DMSO-d6 (7/3). Methyl resonance intensity of released ethanol plotted against time, 
normalized to resonance of a. Note slow cleavage of methyl ester k.
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8. 2D NMR spectra 
 

 
Figure S26. 1H TOCSY spectrum (700 MHz) of reaction mixture of SEA-mPEG (2.1k Da) with 1 eq. 
of L-lysine methyl ester in phosphate buffer (pH = 8.4)/DMSO (7/3) at T = 294 K. A: Full spectrum. 
B: Detail. 
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Figure S27. 1H DOSY spectrum of the reaction mixture of SEA-mPEG (2.1k Da) with 1 eq. of L-lysine 
methyl ester in phosphate buffer (pH = 8.4)/DMSO (7/3) at T = 294 K recorded after 139 h. A: Full 
spectrum. B: Detail. 
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9. SDS PAGE 
 

 
Figure S28. SDS-PAGE (8%) of BSA (lane 1) and BSA-polymer conjugates obtained by PEGylation 
with α-squaric acid ester amido ω-hydroxy-PEG (lanes 2-4; 10, 20, and 50 equivalents polymer added, 
respectively). 
 
 
10. CD spectra 

 
Figure S29. CD spectra of BSA and the conjugates B and D. Absorption spectra shown were recorded 
simultaneously. 
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2.2 Initial Studies on the Biocompatibility of Squaric Acid 

Coupled PEG/Protein Conjugates 

Carsten Dingels,1 Ronald E. Unger,2 Holger Frey,1 and C. James Kirkpatrick2,* 

1Department of Organic Chemistry, Johannes Gutenberg-Universität Mainz, Duesbergweg  

10–14, D-55099 Mainz (Germany) 

2Institute of Pathology, Johannes Gutenberg‐Universität Mainz, Langenbeckstraße 1, D-55101 

Mainz (Germany) 

 

The WST-1 assay and the CAM-EIA were carried out by Dr. R. E.Unger, REPAIR Lab, 

Institute of Pathology, Johannes Gutenberg‐Universität Mainz. The data presented in the 

following represent preliminary results, since the studies were carried out with just one donor.  

 

Motivation 

For the intended application of the squaric acid-mediated PEGylation in the preparation of 

polymer therapeutics, the biocompatibility and non-immunogenicity of the resulting 

protein/PEG conjugates must be assured. In an initial study, cytotoxic effects of squaric acid-

PEGyated bovine serum albumin (BSA) as a model conjugate on human endothelial cells were 

investigated as well as the expression of cell adhesion molecules involved in inflammation 

processes by the cells exposed to these conjugates. The knowledge of the influence of such 

potential polymer therapeutics on human endothelial cells is of particular interest, since the 

conjugates come in close contact with these in the circulatory system.  

Results and Discussion 

BSA was PEGylated with 50 equivalents (sample C) and 100 equivalents (sample D) of squaric 

acid ethyl ester amido mPEG (2.1 kDa) resulting in conjugates with 27 to 34 PEG chains per 

BSA. The samples were prepared in analogy to the previously described protocols for the 
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synthesis of BSA/PEG conjugates C and D (vide supra). To insure the production of sterile 

conjugates, minor alterations were made (vide infra). The dialysis on on the system was carried 

out against methanol, which impeded the isolation of conjugates with lower degrees of 

PEGylation, since these precipitated in the dialysis tubing.  

Initial studies on the biocompatibility of BSA/PEG conjugates synthesized by squaric acid-

mediated PEGylation were carried out by the exposition of various concentrations of the 

samples to human umbilical vein endothelial cells (HUVECs) for 4 h and 24 h. The cell viability 

was investigated by microscopic examination of the cell morphology as well as using a WST-1 

assay. Furthermore, the expression of cell adhesion molecules (CAMs) involved in 

inflammation, i.e., E-selectin and intercellular adhesion molecule-1 (ICAM-1), was determined 

by a cell adhesion molecule - enzyme immunosorbent assay (CAM-EIA). Cells that were not 

exposed to PEGylated BSA served as a negative control for all experiments. Lipopolysaccharide 

(LPS), which is known to be a powerful inducer of the expression of the CAMs was used as a 

positive control in the CAM-EIA. 

 

 
Figure 1. Cell viability of HUVECs exposed to PEGylated BSA samples C and D at different 
concentrations as well as LPS after 4 h and 24 h, respectively. Spectrophotometric analysis on the final 
reaction mixture of the metabolic assay (WST-1) given as optical density (OD). 
 

No differences in the cell morphology were observed after 4 h and 24 h of exposition of 

HUVECs to the PEGylated proteins at all examined concentrations and LPS. Since there was no 

change in the appearance of the cells, no images were taken. The positive results were 

confirmed by the WST-1 assay, which showed no significant decrease in proliferation of the cells 

exposed to the protein conjugates and LPS, since no marked differences in the bioreduction of 
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2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1)1 were seen 

after 4 h and 24 h (Figure 1). However, a slight decrease was observed for all cells exposed to 

the protein conjugates and LPS compared to the control. In summary, these results indicate that 

both of the BSA/PEG conjugates in the concentration range of 1 ng/mL to 1 mg/mL and LPS 

(1 mg/mL) had no major toxic effect on HUVECs.  

 

 
Figure 2. Expression of E-selectin and ICAM-1 by HUVECs exposed to PEGylated BSA samples C and 
D at various concentrations as well as LPS after 4 h and 24 h of stimulation. 
 

In the CAM-EIA, the LPS-induced expression of E-selectin after 4 h and ICAM-1 after 24 h can 

be seen in Figure 2. E-selectin expression is falling off after 24 h as expected. Since the induction 

of ICAM-1 is slower, its expression was not studied after 4 h. Both of the squaric acid-

PEGylated BSA samples did not activate the human endothelial cells within the investigated 

period of time at the specified concentrations. No significant differences to the E-selectin and 

ICAM-1 levels of the controls were observed, whereas the HUVECs stimulated by LPS clearly 

showed an expression of these cell adhesion molecules after 4 h and 24 h, respectively 

(Figure 2).  

Due to the high degree of PEGylation for both protein/polymer conjugates, the surface of 

BSA can be assumed to be completely decorated with PEG chains, and therefore the positive 

initial results on the biocompatibility of the conjugates are closely related to the biocompatibility 

of PEG. 
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Conclusion 

Initial studies on the biocompatibility of BSA/PEG conjugates synthesized via squaric acid 

mediated PEGylation showed no cytotoxic effects of the compounds on the sensitive human 

endothelial cells in the investigated concentration range between 1 ng/mL and 1 mg/mL. 

Furthermore, no expression of important cell adhesion molecules involved in inflammation was 

induced by the PEGylated BSA samples in the mentioned concentrations during 24 h.  

However, these results can be regarded as being preliminary only, since merely one donor 

was involved, and the investigated concentrations were rather low. The outcome of the studies 

has to be further confirmed by investigating the effects of the compounds on cells from various 

donors and at higher concentrations. In addition, the effects on other cell types and blood 

compatibility will have to be examined before claiming these protein/synthetic polymer 

conjugates biocompatible. Studies in this direction are in progress and will be reported in due 

course. Nevertheless, these preliminary investigations on a very sensitive, human cell type, 

namely the endothelial cell, indicate that there is no evidence to date of a massive cytotoxic 

effect. 

Experimental Part 

Cell assays. Primary human umbilical vein endothelial cells (HUVECs) were seeded in a 96-

well microplate and after at least 4 h of adherence were stimulated for either 4 h or 24 h with 

different concentrations of PEGylated BSA ranging from 1 ng/mL to 1 µg/mL or 

lipopolysaccharide (LPS, 1 µg/mL). As a negative control cells were not stimulated. 30 min 

before the expiration of the stimulation time, the cell viability was investigated using a WST-1 

assay, which measures cellular enzymatic activity. Subsequently, the cells were fixed with 

methanol and ethanol and their activation was examined by a cell adhesion molecule - enzyme 

immunosorbent assay (CAM-EIA), which uses specific antibodies to the CAMs. 

Protein/PEG conjugates. Two samples of BSA (25 mg ) were PEGylated with squaric acid 

ethyl ester amido mPEG (2.1 kDa) according to the slightly altered protocol for the conjugates 

C and D described under 2.1 Squaric Acid Mediated Chemoselective PEGylation of Proteins: Reactivity 

of Single-Step-Activated α-Amino Poly(ethylene glycol)s.2 In contrast to the previously described 

protocol, the aqueous borate buffer was prepared from a freshly uncapped bottle of sterile water 

directly before use and filtered through a sterile disposable bottle top filter (Millipore Stericup, 
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Durapore Membrane, 0.22 µm pore site rating). Further, all labware was either treated with 

methanol (micro test tubes, pipette tips) or heated above 150 °C (glassware, spatula). The 

conjugates were purified by extensive dialysis against methanol using dialysis tubing with a 

molecular weight cut off of 50,000 Da (Cellu Sep H1, 34 mm flat width) and subsequent 

removal of the solvent under reduced pressure. While sample C was isolated quantitatively 

(46.8 mg), most of D had become insoluble upon removal of the methanol. 43.7 mg of C and 

7.1 mg of D were transferred in sterile conical tubes for the cell assays. 
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Abstract  

Poly(ethylene glycol) (PEG) with acid-sensitive linkers, lipids, or backbones gained 

attention particularly for various biomedical applications, such as the covalent 

attachment of PEG (PEGylation) to protein therapeutics, the synthesis of stealth 

liposomes, and polymeric carriers for low-molecular-weight drugs. These PEGs are 

favored over their inert analogues because of superior pharmacodynamic and/or 

pharmacokinetic properties of their formulations. However, synthetic routes to acetal-

containing PEGs published up to date either require enormous efforts or result in ill-

defined materials with a lack of control over the molecular weight. Herein, we describe a 

novel methodology to implement a single acetaldehyde acetal in well-defined 

(hetero)functional poly(ethylene glycol)s with total control over its position. To underline 

its general applicability, a diverse set of initiators for the anionic polymerization of 

ethylene oxide (cholesterol, dibenzylamino ethanol, and poly(ethylene glycol) 

monomethyl ether (mPEG)) was modified and used to synthesize the analogous labile 

PEGs. The polyether bearing the cleavable lipid had a degree of polymerization of 46, was 

amphiphilic and exhibited a critical micelle concentration of 4.20 mg·L-1. From 

dibenzylamino ethanol three heterofunctional PEGs with different molecular weights and 

labile amino termini were generated. The transformation of the amino functionality into 

the corresponding squaric acid ester amide demonstrated the accessibility of the 

cleavable functional group and activated the PEG for protein PEGylation, which was 

exemplarily shown by the attachment to bovine serum albumin (BSA). Furthermore, 

turning mPEG into a macroinitiator with a cleavable hydroxyl group granted access to a 

well-defined poly(ethylene glycol) derivative bearing a single cleavable moiety within its 

backbone. All the acetal-containing PEGs and PEG/protein conjugates were proven to 

degrade upon acidic treatment. 
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Introduction 

Since the pioneering work of Davis and co-workers in the 1970’s1, 2 PEGylation, i.e., the 

covalent attachment of poly(ethylene glycol) (PEG) to a substrate, has become one of the most 

important strategies to overcome the inherent disadvantages of protein therapeutics.3-7 

Pharmaceutically interesting proteins undergo proteolytic degradation as well as renal clearance 

and often are immunogenic or antigenic. Hence, they usually exhibit short body-residence times 

and a fast decrease from therapeutically effective concentrations to ineffective doses. The 

attachment of a water-soluble, synthetic polymer such as PEG to the protein leads to decreased 

renal filtration, decreased proteolytic degradation and reduced immunogenicity of the conjugate 

in comparison to the unmodified protein. These effects result in prolonged body-residence times 

of the PEGylated proteins. 

However, often decreased bioactivity of protein pharmaceuticals is observed when PEG 

chains are attached to their surface.8 The attachment of PEG via a cleavable linker can be 

advantageous for some protein-therapeutics.9, 10 PEGs with cleavable coupling units11 or  

lipids12-21 have also been investigated for other pharmaceutical applications where reversible 

PEGylation of the desired substrate is favorable, such as the shielding of polyplexes and 

liposomes. 

Besides a reduction in the PEG conjugates’ bioactivity in most cases, PEGylation suffers from 

another disadvantage regardless of the substrate: Its application is limited to polyethers with 

average molecular weights below 40-60 kDa, since PEG is not biodegradable and otherwise will 

not be excreted, but accumulate in the liver.22 However, the circulation time of PEGylated 

proteins improve by increasing the average molecular weight of the synthetic polymer.23 In 

consequence, biodegradable poly(ethylene glycol)s carrying cleavable moieties in the backbone 

are of great interest. This statement is also true for pharmaceutical applications other than the 

PEGylation of proteins, polyplexes or liposomes: Biocompatible and biodegradable polymers are 

well suited to carry low molecular weight drugs into tumor tissue making use of Ringsdorf’s 

drug delivery concept24 and the enhanced permeability and retention (EPR) effect.25, 26  

Various strategies have been employed to incorporate cleavable moieties into the backbone of 

PEG, such as cis-aconityl linkages,27 acetals,28-31, as well as esters and disulfides.32 

Unfortunately, neither of the aforementioned materials is well-defined since all of them were 

synthesized from telechelic PEGs via step-growth mechanisms. Nevertheless, promising results 
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in terms of drug delivery and in vivo degradation were, for example, obtained by Tomlinson et 

al. who synthesized PEG-based polyaceteals loaded with doxorubicin, a potent anti-cancer 

drug28 and demonstrated that acetaldehyde, which is formed by the degradation of acetaldehyde 

acetal-containing PEGs, is not cytotoxic.29 Elisseeff and co-workers partially oxidized the ether 

bonds of PEG with Fenton's reagent to generate hemiacetals at the polyether backbone and 

demonstrated their degradability. 33 However, no degradation kinetics data was provided. Very 

recently, Lundberg et al. published a promising strategy to synthesize more defined degradable 

PEG derivatives via monomer-activated copolymerization of ethylene oxide and epichlorohydrin 

and subsequent elimination of hydrogen chloride.34 The obtained vinyl ether-containing 

polymers exhibited polydispersity indices (PDI, Mw/Mn) below 1.4, but unfortunately, no 

concept for the attachment of therapeutics was presented. 

Due to their stability in extremely basic media35 acetals and ketals tolerate the harsh 

conditions of the anionic ring-opening polymerization (AROP) of oxiranes and have been 

established as protecting groups for aldehyde and hydroxyl groups in AROP initiators36-40 and 

monomers.41, 42 Further, these groups have been employed to generate degradable, water-

soluble polyethers by epoxide AROP. Based on a ketal-containing branching unit Feng et al. 

demonstrated the synthesis of degradable dendrimer-like PEGs up to the seventh generation 

with a molecular weight of almost half a million g·mol-1.43 Although these polyethers are well-

defined, the synthetic effort necessary for their production will probably hinder widespread 

applications. Hyperbranched poly(ethylene glycol)s with acetal groups at each branching point 

that can be synthesized by the copolymerization of ethylene oxide (EO) with the inimer 

glycidyloxyethyl ethylene glycol ether (GEGE) in a one-pot reaction were recently presented by 

our group.44 In this context the recent work of the group of Kizhakkedathu has to be mentioned, 

who used ketal-containing inimers for the oxyanionic polymerization45 analogous to GEGE and 

multifunctional, ketal-containing initiators for the ring-opening multibranching polymerization 

of glycidol46 to produce cleavable hyperbranched polyether polyols.  

Acetal-functionalized PEGs are not solely interesting for biomedical applications. For 

instance, poly(ethylene glycol) bearing an acetaldehyde chloroethyl acetal terminus has been 

used to generate scissile PEG polystyrene block-copolymers, which were investigated as 

precursors for porous films.47  
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Scheme 1. Synthetic route to AROP initiators containing a single acetal moiety.  
 

 
Scheme 2. Synthesis of scissile PEGs with different termini. i) 1. CsOH·H2O, C6H6, 90 °C, vacuum 2. 
Tetrahydrofuran (THF), n EO, 60 °C 3. MeOH. ii) 1. CsOH·H2O, C6H6, 90 °C, vacuum 2. 
THF/dimethylsulfoxide (DMSO), n EO. 3. MeOH iii) H2, Pd(OH)2/C, dioxane/water 1:1, 80 bar, 
40 °C. iv) 1. C6H6, 90 °C, vacuum 2. KC10H8, THF/DMSO, n EO 3. MeOH.  
 

Depending on the desired application of degradable PEG the cleavable moieties have to be 

located either in the backbone or at (one of) the functional terminus (termini). Herein, we 

present the implementation of a single, cleavable acetal moiety into conventional initiators for 

the anionic ring-opening polymerization of epoxides using a straight-forward two-step protocol 

(Scheme 1), which gives access to both types of PEG, either cleavable in the backbone or at one 

of the terminal sites (Scheme 2). First, the original initiators, alcohols 1a-c, are added to 2-

acetoxyethyl vinyl ether48 (AcVE, 2) under acidic conditions to form the asymmetric 

acetaldehyde acetals 3a-c. Subsequently, the products are saponified to release the desired 

acetal-containing initiators 4a-c.  

The developed methodology is in principle applicable to all acid stable AROP initiators and 

was proven for a diverse set of alcohols to underline its general usefulness: Cholesterol (1a) as 

an apolar initiator, dibenzylamino ethanol (1b), which carries an additional, orthogonally 

protected functional group, and poly(ethylene glycol) monomethyl ether (mPEG, 1c) as a 

macroinitiator. The scissile macroinitiator granted access to PEGs carrying a single acetal moiety 

in the backbone of the polymer. The specific position of this acid labile group can be controlled 
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by the molecular weight of the macroinitiator and the number of ethylene oxide (EO) units 

added. 

Experimental Section 

Materials. All reagents and solvents were purchased from Acros Organics, Fluka or Sigma-

Aldrich and were used without further purification unless stated otherwise. Ethylene glycol 

monovinyl ether was purchased from TCI Europe. Deuterated solvents were purchased from 

Deutero GmbH and stored over molecular sieves (except for deuterium oxide). 2-Acetoxyethyl 

vinyl ether48 (2) and dibenzylamino ethanol49 (1b) were prepared according to known protocols. 

Dry THF used for the anionic ring-opening polymerization of ethylene oxide was dried and 

stored over sodium. Care must be taken when handling the toxic, flammable, and gaseous 

ethylene oxide. 

Methods. 1H NMR spectra (400 MHz) were recorded on a Bruker ARX 400 with a 5mm BBO 

probe. 2D and 13C NMR spectra were recorded on a Bruker Avance-II 400 (400 MHz, 5 mm 

BBO probe, and B-ACS 60 auto sampler) if not stated otherwise. All spectra were recorded 

with 32 scans at 294 K using a relaxation delay of 1 s, unless stated otherwise and processed 

with MestReNova v6.1.1 software. Size-exclusion chromatography (SEC) measurements in 

DMF containing 0.25 g·L-1 of lithium bromide as additive were performed on an Agilent 1100 

Series as an integrated instrument using PSS (Polymer Standards Service) HEMA column 

(106/105/104 g/mol), RI-detector, and UV-detector operating at 275 nm. Calibration was 

executed using poly(ethylene oxide) (PEO) standards from PSS. Matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-ToF MS) measurements of all 

polymers were recorded on a Shimadzu Axima CFR MALDI-ToF MS mass spectrometer, 

equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. α-Cyano hydroxyl 

cinnamic acid (CHCA) or dithranol was used as a matrix and potassium triflouroacetate (KTFA) 

was added for ion formation. The analytes were dissolved in methanol at a concentration of 

10 g·L-1. An aliquot (10 μL) was added to 10 μL of a solution (10 g·L-1) of the matrix and 1 μL 

of a solution of the cationization agent. 1 μL of the mixture was applied on a multistage target, 

methanol evaporated, and a thin matrix/analyte film was formed.  

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out with 

Tris-HCl gels (Biorad, 1.0 mm, 10 well, 8% resolving gel, 4% stacking gel). IR spectra were 
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recorded on a Thermo Scientific Nicolet iS10 FT-IR spectrometer, equipped with a diamond 

ATR unit and were processed with OMNIC 8.1.210 software. Mass spectra were either 

measured on a Finnigan MAT 95 (field desorption, FD-MS) or a Waters/Micromass QToF 

Ultima 3 (electrospray ionization, ESI-MS). Surface tension measurements to determine the 

critical micelle concentrations (CMC) were performed on a Dataphysics DCAT 11 EC 

tensiometer equipped 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. Surface tension data was processed with SCAT 

v3.3.2.93 software. The CMC presented is a mean value of three experiments. All solutions for 

surface tension measurements were stirred for 120 s at a stir rate of 50%. After a relaxation 

period of 400 s three surface tension values were measured. The mean values of the three 

measurements were plotted against the logarithm of the concentration. The slopes of the traces 

at high concentrations as well as in the low concentration range were determined by linear 

regression. The concentration at the fits’ intersection was the CMC. The Du Noüy ring was 

rinsed thoroughly with water and annealed in a butane flame. Turbidimetry was performed in a 

Jasco V-630 UV-VIS spectrometer at a wavelength of λ = 528 nm and the data was processed 

with the Time Course Measurement program of Spectra Manager v2.08 software. 

Synthesis procedures. Acetoxyethyl 1-(cholesteryloxy)ethyl ether (3a). Cholesterol (5.0 g, 

13 mmol) and 2-Acetoxyethyl vinyl ether (2.53 g, 19.4 mmol) were stirred for 45 min in 

dichloromethane with p-toluene sulfonic acid monohydrate (pTSA, 25 mg, 0.13 mmol). The 

solution was treated with triethylamine (250 µL) and washed with 1 N aqueous sodium 

hydroxide solution. After drying over sodium sulfate the organic phase was evaporated to small 

volume. Pure product (4.80 g, 9.29 mmol, 72%) was obtained by column chromatography 

(eluent: petrol ether/ethyl acetate 8:1) over silica. 1H NMR (400 MHz, CDCl3): δ [ppm] = 5.32 

(s, 1H, H-6), 4.85 (q, 1H, JAB = 5.3 Hz, H3CCHO2), 4.26-4.12 (m, 2H, AcO-CH2), 3.78-3.58 

(m, 2H, AcOCH2-CH2), 3.65-3.36 (m, 1H, H-3α), 2.38-2.12 (m, 2H, H-4), 2.05 (s, 3H,  

H3C-CO-), 2.03-1.94 (m, 1H, H-12α), 1.99-1.89 (m, 1H, H-7β), 1.87-1.79 (m, 2H, H-1β and  

H-2α), 1.87-1.74 (m, 1H, H-16β), 1.63-0.81 (m, 22H), 1.30 (d, 3H, JAB = 5.3 Hz,  

H3C-CHO2), 0.99 (s, 3H, H3-19), 0.90 (d, 3H, JAB = 6.5 Hz, H3-21), 0.84 (d, 3H,  

JAB = 6.6 Hz, H3-26), 0.83 (d, 3H, JAB = 6.6 Hz, H3-27), 0.65 (s, 3H, H3-18). 13C NMR (100.6 

MHz, CDCl3): δ [ppm] = 170.1 (1C, MeCOO), 140.9 and 140.8 (1C, C-5) 121.9 and 121.8 

(1C, C-6), 98.0 and 97.9 (1C, Me-CHO2), 75.9 and 75.8 (1C, C-3), 63.9 (1C, AcO-CH2) 61.6 
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(1C, AcOCH2-CH2-), 50.3 (1C, C-9), 42.4 (1C, C-13), 40.1 and 39.5 (1C, C-4), 39.8 (1C,  

C-12), 39.6 (1C, C-24), 37.5 and 37.3 (1C, C-1), 36.8 (1C, C-10), 36.3 (1C, C-22), 35.9 

(1C, C-20), 32.0 (2C, C-7 and G-8), 29.5 and 28.7 (1C, C-2), 28.3 (1C, C-16), 28.1 (1C,  

C-25), 24.4 (1C, C-15), 23.9 (1C, C-23), 22.9 (1C, C-27), 22.7 (1C, C-26), 21.1 (2C, C-11 

and CH3-COO), 20.6 (1C, CH3-CHO2), 19.5 (1C, C-19), 18.8 (1C, C-21), 12.0 (1C, C-18). 

MS (ESI-MS, MeOH): m/z = 539.42 [M+Na]+, 1055.86 [2M+Na]+. 

Acetoxyethyl 1-(2-dibenzylamino ethoxy)ethyl ether (3b). Dibenzylamino ethanol (5.0 g, 21 mmol) 

and 2-Acetoxyethyl vinyl ether (5.0 g, 38 mmol) were stirred for 30 min in dichloromethane 

with trifluoroacetic acid (TFA, 7.1 g, 62 mmol). The solution was treated with triethylamine 

(1.5 mL) and washed with 1 N aqueous sodium hydroxide solution. After drying over sodium 

sulfate the organic phase was evaporated to small volume. Pure product was obtained by column 

chromatography (eluent: petrol ether/ethyl acetate 6:1) over silica. Yield: 85%. 1H NMR (400 

MHz, CDCl3): δ [ppm] = 7.42 (d, 4H, JAB = 7.2 Hz, 4 meta CHAr), 7.34 (t, 4H, JAB = 7.4 Hz, 

4 ortho CHAr), 7.26 (d, 2H, JAB = 7.4 Hz, 2 para CHAr), 4.75 (q, 1H, JAB = 5.4 Hz,  

H3C-CHO2), 4.21 (t, 2H, JAB = 4.9 Hz, AcO-CH2), 3.77-3.67 (m, 1H, NCH2-CHa), 3.76-3.67 

(m, 1H, AcOCH2-CHa), 3.69 (s, 4H, 2 Ph-CH2), 3.65-3.57 (m, 1H, AcOCH2-CHb), 3.61-3.52 

(m, 1H, NCH2-CHb), 2.72 (t, 2H, JAB = 6.3 Hz, N-CH2-CH2), 2.07 (s, 3H, H3C-CO), 1.31 (d, 

3H, JAB = 5.4 Hz, H3C-CHO2).
 13C NMR (100.6 MHz, CDCl3): δ [ppm] = 171.0 (1C,  

Me-CO-O), 139.7 (2C, 2 quaternary CAr), 128.8 (4C, ortho CHAr), 128.2 (4C, meta CHAr), 

126.9 (2C, para CHAr), 99.7 (1C, H3C-CHO2), 64.0 (1C, NCH2-CH2), 63.8 (1C, AcO-CH2), 

62.2 (1C, AcOCH2-CH2), 59.0 (2C, 2 Ph-CH2), 52.9 (1C, N-CH2-CH2), 21.0 (1C, H3C-CO), 

19.5 (1C, H3C-CHO2). 

1-(2-Acetoxyethoxy)ethoxy mPEG (3c). Poly(ethylene glycol) monomethyl ether (1c, 4.0 g, 

2.0 mmol), 2-Acetoxyethyl vinyl ether (1.3 g, 10 mmol), and pTSA (3.8 mg 0.2 mmol) were 

placed in a round-bottom flask, dissolved in dichloromethane (DCM, 20 mL), and stirred for 

30 min. The reaction was quenched with triethylamine (0.2 mL) and washed with 1 N aqueous 

sodium hydroxide solution. The organic phase was dried over sodium sulfate and subsequently 

concentrated to small volume. Pure product was obtained by precipitation in cold diethyl ether. 

Yield: 87%. 1H NMR (400 MHz, CDCl3): δ [ppm] = 4.77 (q, 1H, JAB = 5.4 Hz, H3C-CHO2), 

4.16 (t, 2H, JAB = 4.8 Hz, AcO-CH2), 3.86-3.36 (m, 180H, CH2O), 3.33 (s, 3H, OCH3), 2.03 

(s, 3H, H3C-CO), 1.28 (d, 3H, JAB = 5.4 Hz, H3C-CHO2).  
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Glycol 1-(cholesteryloxy)ethyl ether (4a). Potassium hydroxide (1.00 g, 17.8 mmol) and 

Acetoxyethyl 1-(cholesteryloxy)ethyl ether (3a, 1.00 g, 1.93 mmol) were stirred under reflux 

in a solution of ethanol (12 mL) and water (0.5 mL) for 3 h. After cooling, brine was added and 

the solution was extracted with DCM three times. After drying over sodium sulfate the organic 

phase was evaporated to small volume. Pure product (536 mg, 1.13 mmol, 59%) was obtained 

by column chromatography (eluent: petrol ether/ethyl acetate 2:1) over silica. 1H NMR (400 

MHz, CDCl3): δ [ppm] = 5.32 (s, 1H, H-6), 4.81 (q, 1H, JAB = 5.3 Hz, H3C-CHO2), 3.75-3.64 

(m, 2H, HO-CH2), 3.71-3.53 (m, 2H, HOCH2-CH2), 3.94-3.34 (m, 1H, H-3α), 2.53 (t, 1H, 

JAB = 5.8 Hz, OH), 2.35-2.12 (m, 2H, H-4), 2.04-1.94 (m, 1H, H-12α), 1.99-1.90 (m, 1H, 

H-7β), 1.90-1.78 (m, 2H, H-1β and H-2α), 1.88-1.73 (m, 1H, H-16β), 1.63-0.80 (m, 22H), 

1.32 (d, 3H, JAB = 5.3 Hz, H3C-CHO2), 0.98 (s, 3H, H3-19), 0.89 (d, 3H, JAB = 6.5 Hz,  

H3-21), 0.84 (d, 3H, JAB = 6.6 Hz, H3-26), 0.84 (d, 3H, JAB = 6.6 Hz, H3-27), 0.65 (s, 3H,  

H3-18). 13C NMR (100.6 MHz, CDCl3): δ [ppm] = 170.1 (1C, Me-CO-O), 140.9 and 140.8 

(1C, C-5) 121.9 and 121.8 (1C, C-6), 98.0 and 97.9 (1C, Me-CHO2), 75.9 and 75.8 (1C,  

C-3), 63.9 (1C, AcO-CH2) 61.6 (1C, AcOCH2-CH2-), 50.3 (1C, C-9), 42.4 (1C, C-13), 40.1 

and 39.5 (1C, C-4), 39.8 (1C, C-12), 39.6 (1C, C-24), 37.5 and 37.3 (1C, C-1), 36.8 (1C,  

C-10), 36.3 (1C, C-22), 35.9 (1C, C-20), 32.0 (2C, C-7 and G-8), 29.5 and 28.7 (1C, C-2), 

28.3 (1C, C-16), 28.1 (1C, C-25), 24.4 (1C, C-15), 23.9 (1C, C-23), 22.9 (1C, C-27), 22.7 

(1C, C-26), 21.1 (2C, C-11 and CH3CO), 20.6 (1C, CH3-CHO2), 19.5 (1C, C-19), 18.8 (1C, 

C-21), 12.0 (1C, C-18). MS (ESI-MS, MeOH): m/z = 497.42 [M+Na]+, 971.81 [2M+Na]+. 

Glycol 1-(2-dibenzylamino ethoxy)ethyl ether (4b). Potassium hydroxide (3.2 g, 57 mmol) and 

Acetoxyethyl 1-(2-dibenzylamino ethoxy)ethyl ether (3b, 6.0 g, 16 mmol) were stirred under 

reflux in a solution of ethanol (8.4 mL) and water (4.2 mL) for 3 h. After cooling, brine was 

added and the solution was extracted with DCM three times. After drying over sodium sulfate 

the organic phase was evaporated to small volume. Pure product was obtained by column 

chromatography (eluent: petrol ether/ethyl acetate 2:1) over silica. Yield: 58%. 1H NMR (400 

MHz, DMSO-d6): δ [ppm] = 7.41-7.27 (m, 8H, 4 meta CHAr and 4 ortho CHAr), 7.22 (t, 2H, 

JAB = 7.1 Hz, 2 para CHAr), 4.63 (q, 1H, JAB = 5.2 Hz, H3C-CHO2), 4.61 (t, 1H, JAB = 4.7 Hz, 

HO-CH2), 3.68-3.57 (m, 1H, NCH2-CHa), 3.60 (s, 4H, 2 Ph-CH2), 3.53-3.43 (m, 1H,  

NCH2-CHb), 3.52-3.43 (m, 1H, HOCH2-CHa), 3.51 (m, 2H, HO-CH2), 3.42-3.32 (m, 1H, 

HOCH2-CHb), 2.56 (t, 2H, JAB = 6.2 Hz, N-CH2-CH2), 1.17 (d, 3H, JAB = 5.3 Hz, H3C-CHO2).
 

13C NMR (100.6 MHz, DMSO-d6): δ [ppm] = 139.5 (2C, 2 quaternary CAr), 128.5 (4C, ortho 
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CHAr), 128.2 (4C, meta CHAr), 126.8 (2C, para CHAr), 99.3 (1C, H3C-CHO2), 66.7 (1C, 

HOCH2-CH2), 63.1 (1C, NCH2-CH2), 60.4 (1C, HO-CH2), 58.0 (2C, 2 Ph-CH2), 52.4 (1C, N-

CH2-CH2), 19.8 (1C, H3C-CHO2). MS (FD-MS, MeOH): m/z = 329.4 [M]+, 569.6  

[2M-Bn+2H]+, 659.7 [2M+H]+, 691.7 [2M+MeOH+H]+. 

1-(2-Hydroxyethoxy)ethoxy mPEG (4c). Potassium hydroxide (1.2 g, 21 mmol) and 3c (3.7 g, 

1.9 mmol) were stirred under reflux in a solution of ethanol (3.0 mL) and water (1.5 mL) for 

3 h. After cooling the solution was extracted with DCM three times and the combined organic 

phases were dried over sodium sulfate. DCM was evaporated and pure product was obtained by 

precipitation in cold diethyl ether. Yield: 67%. 1H NMR (400 MHz, CDCl3): δ [ppm] = 4.77 (q, 

1H, JAB = 5.5 Hz, H3C-CHO2), 3.84-3.385 (m, 180H, (CH2CH2O)n), 3.32 (s, 3H, OCH3), 

1.28 (d, 3H, JAB = 5.2 Hz, H3C-CHO2). 

α-(1-(Cholesteryloxy)ethoxy) ω-hydro PEG (5). 4a (427 mg, 0.900 mmol), cesium hydroxide 

monohydrate (134 mg, 0.798 mmol), and benzene were placed in a Schlenk flask. The mixture 

was stirred at RT for about 30 min to generate the cesium alkoxide (degree of deprotonation 

89%). The salt was dried under vacuum at 90 °C for 24 h, dry THF was added via cryo-transfer, 

and ethylene oxide (2 mL, 51 mmol) was cryo-transferred first to a graduated ampule and then 

to the Schlenk flask containing the initiator solution. The mixture was allowed to warm up to 

room temperature, heated to 60 °C, and the polymerization was performed for 12 h at this 

temperature under vacuum. The reaction was quenched with methanol, the solvent was 

evaporated and the crude product was precipitated into cold diethyl ether. 1H NMR (400 MHz, 

CDCl3): δ [ppm] = 5.31 (s, 1H, H-6), 4.83 (q, 1H, JAB = 5.3 Hz, H3C-CHO2), 4.10-3.21 (m, 

190H, CH2O and H-3α), 2.35-2.12 (m, 2H, H-4), 2.04-1.89 (m, 2H, H-12α and H-7β), 1.88-

1.73 (m, 3H, H-1β, H-2α, and H-16β), 1.63-0.80 (m, 22H), 1.30 (d, 3H, JAB = 5.3 Hz,  

H3C-CHO2), 0.98 (s, 3H, H3-19), 0.89 (d, 3H, JAB = 6.6 Hz, H3-21), 0.85 (d, 3H,  

JAB = 6.6 Hz, H3-26), 0.84 (d, 3H, JAB = 6.6 Hz, H3-27), 0.65 (s, 3H, H3-18). 

α-(1-(2-Dibenzylamino ethoxy)ethoxy) ω-hydro PEG (6). 6 was synthesized similar to protocols for 

N,N-dibenzylamino ethoxide initiated anionic ring-opening polymerization of ethylene oxide 

known in the literature.50, 51 The following protocol  is typical and describes the example of 6 

with a degree of polymerization (Pn) of 50 (650). Cesium hydroxide monohydrate (150 mg, 

893 µmol) was added to a solution of 4b (322.7 mg, 0.9796 mmol) dissolved in benzene (7 mL) 

in a dry Schlenk flask. The mixture was stirred for 30 min at 60 °C under slightly reduced 

pressure with closed stop cock. Moisture was removed by azeotropic distillation of benzene and 
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subsequent drying at 80 °C under high vacuum for 3.5 h. After cooling to room temperature 

dry THF (7 mL) was cryo-transferred into the Schlenk flask and dry DMSO (2 mL) was added 

via syringe. Subsequently, ethylene oxide (1.95 g, 44.3 mmol) was cryo-transferred via a 

graduated ampule to the initiator solution and the flask was closed tightly. The reaction mixture 

was stirred overnight at 40 °C and finally quenched by the addition of methanol (2 mL). The 

polymer was precipitated from methanol in cold diethyl ether twice and subsequently dried 

under reduced pressure. Yield: 2.07 g (91%). 1H NMR (400 MHz, CDCl3): δ [ppm] = 7.32 (d, 

4H, JAB = 7.3 Hz, 4 ortho CHAr), 7.52 (t, 2H, JAB = 7.4 Hz, 2 meta CHAr), 7.17 (t, 1H, JAB = 

7.2 Hz, para CHAr), 4.65 (q, 1H, JAB = 5.3 Hz, H3C-CHO2), 3.97 (m, 208H, CH2O), 2.62 (t, 

2H, JAB = 6.3 Hz, N-CH2-CH2), 1.23 (d, 3H, JAB = 5.3 Hz, H3C-CHO2). 

α-(1-(2-Amino ethoxy)ethoxy) ω-hydro PEG (7). Hydrogenation of α-(1-(2-dibenzylamino 

ethoxy)ethoxy) ω-hydro PEG (6) was carried out similar to the protocol described for α-

dibenzylamino ω-hydroxy-PEG.51 The following protocol describes the synthesis of 7 with a 

degree of polymerization of 50 (750). 650 (700 mg, 0.313 mmol) was dissolved in a 

water/dioxane 1:1 mixture and stirred with palladium(II)-hydroxide on activated charcoal 

(150 mg) under hydrogen (80 bar) for 3 days in a stainless steel reactor. After the solution had 

been filtered through Celite® the filter cake was washed with methanol (2 L). The transparent 

solution was reduced to small volume and precipitated in cold diethyl ether. A second 

precipitation from DCM in cold diethyl ether yielded 457 mg (0.222 mmol, 71%) of 750.
 

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 4.68 (q, 1H, JAB = 5.2 Hz, H3C-CHO2), 4.59 (s, 1H, 

OH), 3.80-3.37 (m, 210H, CH2O), 2.65 (t, 2H, JAB = 5.8 Hz, H2N-CH2), 1.20 (d, 3H,  

JAB = 5.2 Hz, H3C-CHO2). 

α-(1-mPEG ethoxy) ω-hydro PEG (8). 4c (1.00 g, 0.476 mmol) was dissolved in benzene 

(10 mL) in a dry Schlenk flask. The solution was stirred for 30 min at 90 °C under slightly 

reduced pressure with closed stop cock. Moisture was removed by azeotropic distillation of 

benzene and subsequent drying at 90 °C under high vacuum overnight. After cooling to room 

temperature dry THF (20 mL) was cryo-transferred into the Schlenk flask and potassium 

naphthalenide in THF (1 mL, c = 0.5 mol·L-1, prepared under argon from potassium (235 mg, 

6.0 mmol), naphthalene (770 mg, 6.0 mmol), and dry THF (12 mL) in a glove box) was added 

via syringe. Subsequently, the generated hydrogen was evaporated including half the amount of 

THF and ethylene oxide (3.0 g, 68 mmol) was cryo-transferred via a graduated ampule to the 

macroinitiator solution. The reaction mixture was stirred for 3 h at 60 °C first and overnight at 
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40 °C. After the polymerization had been quenched by the addition of methanol (1.3 mL) the 

polymer was precipitated from methanol in cold diethyl ether twice and subsequently dried 

under reduced pressure. Yield: 3.64 g (91%). 1H NMR (400 MHz, CDCl3): δ [ppm] = 4.75 (q, 

1H, JAB = 5.3 Hz, H3C-CHO2), 3.99-3.37 (m, 714H, CH2O), 3.33 (s, 3H, OCH3), 1.27 (d, 

3H, JAB = 5.4 Hz, H3C-CHO2). 

α-(1-(2-(squaric acid ethyl ester amido)ethoxy)ethoxy) ω-hydro PEG (10). Diethyl squarate (9, 

60.7 mg, 357 µmol), 775 (100 mg, 29.2 µmol), and triethylamine (43 µL, 310 µmol) were 

stirred in a 1:1 water /ethanol solution (2 mL) for 4 h. After the ethanol had been removed by 

distillation,  the solution was extracted with DCM four times. Subsequently, the organic phase 

was evaporated to small volume and precipitated in cold diethyl ether. The resulting polymer 

was precipitated several times from methanol in cold diethyl ether until no more diethyl 

squarate was detected by thin layer chromatography (TLC). 1H NMR (400 MHz, CDCl3):  

δ [ppm] = 4.82-4.68 (m, 3H, H3C-CH2-O and H3C-CHO2), 3.99-3.37 (m, 311H, CH2O and 

CH2N), 1.50-1.38 (m, 3H, H3C-CH2O), 1.35-1.22 (m, 3H, H3C-CHO2). 

Results and Discussion 

A.1 Addition of Conventional AROP Initiators to AcVE. The key step in the 

implementation of an acetaldehyde moiety between the hydroxyl group and the residue of 

established AROP initiators is the acid catalyzed addition of the alcohol to AcVE (Scheme 1). 

This vinyl ether was chosen for three reasons: First, upon the addition reaction the acetate can 

be saponified with little effort under basic conditions that every possible initiator for the AROP 

and the generated acetal will tolerate. Second, upon saponification a new hydroxyl group is 

generated, which is essential for the initiation of the anionic epoxide polymerization. And, 

finally, upon deprotonation the generated alkoxide is structurally related to the growing chain 

end, i.e., an alkyloxyethoxide, which is favorable for the initiation kinetics. The amount of acid 

necessary to promote the addition of the alcohol across the vinyl ether double bond varied 

depending on the nature of the alcohol (vide infra). Hence, the applied conventional initiators 

have to be more or less stable under acidic conditions. In contrast to the aforementioned and 

doubtless innovative, multifunctional, ketal-containing initiators used by Kizhakkedathu and 

coworkers,46 our methodology yields asymmetric acetals from established initiators in a rapid 

two-step synthesis. 
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Cholesterol (1a) was chosen as a model compound to demonstrate the applicability of our acetal 

insertion protocol to apolar, monofunctional initiators for the oxyanionic ROP of epoxides. The 

addition of the steroid to AcVE was catalyzed by 1 mol% of p-toluene sulfonic acid. The 

conditions of the vinyl ether addition had to be adjusted for dibenzylamino ethanol (1b), since 

catalytic amounts of acid solely protonated the basic tertiary amine, but did not activate the vinyl 

ether double bond. The excess of trifluoroacetic acid which was necessary to provide a 

satisfactory reaction rate was determined by following the reaction kinetics via 1H NMR 

spectroscopy. Figure S46 displays the reaction kinetics of the addition reaction in deuterated 

chloroform when 1.8 equivalents of AcVE and three equivalents of TFA were batched (for 

spectra see SI, Figure S47). 85% conversion was achieved after 44 min, whereas under identical 

conditions except for less acid fed to the reaction mixture (i.e., 2 eq. TFA batched with respect 

to 1b), 90% conversion was reached after 18 h (data not shown). 

According to our protocol, a PEG macroinitiator opens up the synthesis of well-defined 

poly(ethylene glycol)s carrying a single acetal moiety in the backbone (Scheme 2). mPEG was 

chosen as the simplest precursor for this system, since it is chemically inert except for the 

mandatory hydroxyl group. The necessary amount of acid was higher than in the analogous 

reaction with 1a, reflecting the lower reactivity of the polymeric alcohol, but significantly lower 

than in the reaction with 1b, since no basic residue was competing for protons with the double 

bond. 

 

 
Figure 1. 1H NMR spectrum (400 MHz) of 3c in CDCl3 at T = 294 K. 
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Complete conversion of the alcohols 1a-c to the corresponding acetal acetates 3a-c was 

confirmed by NMR spectra recorded in deuterated chloroform (Figure 1 and SI, Figures  

S1-S12). To assign all peaks in the 13C and 1H NMR spectra of the purified acetal acetates 3a and 

3b 2D NMR experiments were carried out, i.e., COSY (correlated spectroscopy), HSQC 

(heteronuclear single quantum coherence), and HMBC (heteronuclear multiple bond 

correlation) experiments (find 2D NMR spectra in the Supporting Information, Figures S3-S7 

(3a) and S10-S12 (3b)). Additionally, the chemical shifts of the cholesteryl derivative 3a were 

compared to those of steroids known in the literature.52, 53  

 

 
Figure 2. MALDI-ToF mass spectra of derivatized mPEGs. A Mass spectrum of 3c. B Mass spectrum of 
4c. C Detail of overlay of mass spectra of 3c (black) and 4c (red). Masses given for averaged signals, 
mass differences calculated from monoisotopic peaks. All spectra were recorded in reflectron mode. 
 

In the 1H NMR spectra the conversion was determined from the ratio of the peaks assigned to 

the acetal methine protons (3a: 4.85 ppm, 3b: 4.75 ppm, 3c: 4.77 ppm) and protons of the 

former alcohol residues. These were the cholesteryl carbon-carbon double bond (H-6, 

5.32 ppm), the aromatic protons (7.50-7.20 ppm), and the methoxy group of mPEG 

(3.33 ppm), respectively. Successful addition of the alcohols across the double bond of AcVE 

was further indicated by the carbonyl stretch vibrations of the acetates at 1741.2 cm-1 (3a), 

1738.4 cm-1 (3b), and 1739.0 cm-1 (3c) in the IR spectra of the acetals (SI, Figures S32-S34). 

Full conversion of mPEG to 1-(2-acetoxyethoxy)ethoxy mPEG (3c) was also confirmed by 

MALDI-ToF MS. The mass spectrum (Figure 2A) revealed a single distribution of the desired 

polymeric species cationized either with sodium or potassium. Within the limits of the error the 
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mass peaks satisfied the following equation with MC+ = MNa+ = 23.0 g·mol-1 for sodium 

cationized molecules and MC+ = MK+ = 39.1 g·mol-1 for those cationized with potassium:  

 

M8(n) = MCH3 + MCH3CO + (n + 2) ∙ MEO + MC+ = 74.08 g
mol

+ (2 + n) ∙ 44.05 g
mol

+

MC+𝑀𝟑𝒄(𝑛) = 𝑀𝐶𝐻3𝑂 + 𝑀𝐶𝐻3𝐶𝑂 + (2 + 𝑛) ∙ 𝑀𝐸𝑂 + 𝑀𝐶+ = 74.1 𝑔
𝑚𝑜𝑙

+ (2 + 𝑛) ∙ 44.05 𝑔
𝑚𝑜𝑙

+𝑀𝐶+  

 

The SEC elugram of 3c (Figure 3) shows a monomodal distribution and a slight increase in both, 

the number-averaged molecular weight (Mn = 1700 g·mol-1 to Mn = 1900 g·mol-1) and the 

polydispersity index (1.06 to 1.07) in comparison to the batched mPEG (1c). Data derived from 

SEC analysis can be regarded as trend only, since all samples were referenced to a PEG standard. 

The most important factor for the synthesis of 3c is the reaction time, since slow 

transacetalization may take place. Upon longer exposure of the produced acetal to the acidic 

reaction conditions, the symmetric polymeric acetal, which is shown in Scheme 3, is formed. 

This side reaction can be followed by SEC as a second mode evolving at twice the molecular 

weight of the product (find elugrams in the Supporting Information, Figure S53). Therefore, 

quenching the reaction with triethylamine in time is important to yield quantitative conversion 

and avoid transacetalization reactions.  

 

 
Figure 3. SEC elugrams of 3c (black), 4c (red), and the corresponding mPEG precursor (blue). 
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Scheme 3. Possible transacetalization during synthesis of 3c. 
 

A.2 Saponification of Acetal Acetates. The acetal acetates 3a-c were saponified to yield 

the scissile initiators 4a-c, respectively, and the removal of the acetate was confirmed by NMR 

and IR spectroscopy. For the assignment of all peaks in both 1H and 13C NMR spectra recorded 

of 4a and 4b additional 2D NMR experiments (COSY, HSQC, and HMBC) were carried out 

(Supporting Information). In the 1H NMR spectra of all cleavable initiators (SI, Figures S13, 

S20, and S25) the characteristic acetyl peak at around 2.0 ppm of the corresponding precursors 

had disappeared. Further, the resonance of the methylene protons adjacent to the hydroxyl 

group exhibited a clear high-field shift compared to the corresponding signals of their analogous 

acetates. In the 13C NMR spectra (SI, Figures S14, and S21), the carbonyl peaks had vanished 

completely as well as the bands of the carbonyl stretches at around 1740 cm-1 in the IR spectra 

(SI, Figures S35-S37). In return, all IR spectra exhibited broad hydroxyl bands at wavenumbers 

of ca. 3400 cm-1. 

The mPEG derivative 4c was further characterized by MALDI ToF MS and SEC. In the mass 

spectrum of 4c (Figure 2B) the observed mass-averaged peaks satisfied the following equation:  

 

𝑀𝟒𝒄(𝑛) = 𝑀𝐶𝐻3𝑂 + 𝑀𝐻 + (2 + 𝑛) ∙ 𝑀𝐸𝑂 + 𝑀𝐶+ = 32.0
𝑔
𝑚𝑜𝑙

+ (2 + 𝑛) ∙ 44.05
𝑔
𝑚𝑜𝑙

+ 𝑀𝐶+  

 

The difference of the molecular masses of M4c(n+1) and its reactant M3c(n) was calculated and 

found to be just 2 g·mol-1 (Figure 2C). Fortunately, the isotopic resolution obtained in the 

investigated measuring range allowed to clearly distinguish between the two series of polyether 

masses. The SEC trace of 1-(2-hydroxyethoxy)ethoxy mPEG was monomodal and shifted to a 

smaller hydrodynamic volume in comparison to the acetate derivative 3c (Figure 3). Also, the 

PDI increased slightly to 1.08 upon the saponification. 

B.1 Use of Cleavable Initiators for EO Polymerization: PEG with Cleavable 

Cholesterol Initiator. Cholesteryl PEGs were subject to various studies for very different 

purposes: They are amphiphilic, can be utilized in the synthesis of stealth liposomes,54-56 and 

exhibit liquid-crystalline behavior, if the degree of polymerization is low.57, 58 Insertion of a 

scissile unit between the polymer and the initiating unit will lead to pH-responsive materials, 
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which lose their amphiphilic or mesogenic properties upon acidic treatment. PEGs attached to 

cholesterol via an acid labile linker are known already (vide supra), but the synthetic pathways 

presented are laborious or the overall yield limited.13, 14, 19 According to our protocol, PEGs 

with a scissile terminal cholesterol unit can be synthesized rapidly in three steps. The resulting 

α-(1-(cholesteryloxy)ethoxy) ω-hydro PEG (5) was characterized by NMR spectroscopy, SEC, 

and MALDI-ToF MS. The mass spectrum of 5 (SI, Figure S39) displayed the distribution of the 

desired polydisperse compound cationized with potassium.  

Successful initiation of the oxyanionic polymerization of EO with 4a was also confirmed by 

the 1H NMR spectrum of 5 (Figure 4) in which, besides the acetal peaks, the H-3 and H-6 

resonance s as well as the characteristic pattern of the cholesteryl’s methyl groups were clearly 

identified. The degree of polymerization and the number-averaged molecular weight were 

calculated from the area under the backbone peak (reduced by five protons arising from the 

initiator) related to the integral of a cholesteryl methyl resonance (H3-18). 

 

𝑃𝑛 =
3
4
∙
𝐼𝑃𝐸𝐺 − 5
𝐼𝑀𝑒

= 46 

 

𝑀𝒏 = 𝑃𝑛 ∙ 𝑀𝐸𝑂 + 𝑀𝟒𝒂 = 46 ∙ 44
𝑔
𝑚𝑜𝑙

+ 475
𝑔
𝑚𝑜𝑙

≈ 2500
𝑔
𝑚𝑜𝑙

 

 

 
Figure 4. 1H NMR spectrum (400 MHz) of 5 in CDCl3 at T = 294 K. Peak assignment of cholesteryl 
moiety shown solely for characteristic protons for clarity. 
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These values are in very good agreement with the theoretically expected ones (Pn = 45, 

Mn = 2450 g·mol-1), whereas the Mn derived from SEC analysis (find SEC elugram in the SI, 

Figure S44) was smaller (1690 g·mol-1). The underestimation of Mn found by SEC results from 

the rather large apolar initiating moiety, which leads to a contraction of the polyether coil to 

reduce initiator/solvent interactions. Nevertheless, the SEC elugram corresponded to a well-

defined polymer with a polydispersity index of 1.08. Since cholesteryl PEGs are known to be 

amphiphilic and form micelles in aqueous solutions, the critical micelle concentration of 5 was 

determined by measuring the surface tension of aqueous solutions of the scissile cholesteryl PEG 

with a ring tensiometer. 5 has a CMC of 4.20±0.39 mg·L-1
, which is in the order of CMCs 

expected for amphiphilic polyethers of similar molecular weights.54, 59 

 

 
Figure 5. Acidic cleavage of scissile cholesteryl PEG 5. A Cleavage followed by turbidimetry 
(λ = 528 nm) at pH 1 for two different temperatures (25°C and 37°C). B-D Photographs of 5’s 
cleavage in comparison to regular cholesteryl PEG (cholPEG). B Aqueous polymer solutions. C Onset 
of cholesterol precipitation after addition of hydrochloric acid. D Precipitated cholesterol in case of 
scissile cholesteryl PEG 5. 
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The degradability of 5 was demonstrated by acidic hydrolysis of the acetal, followed by 

turbidimetry at pH 1. In Figure 5A the relative transmission is plotted against the reaction time 

for two different temperatures (T = 25 °C and T = 37 °C). After an initial period the solutions 

started to turn turbid, as the released cholesterol precipitated and the transmission began to 

decrease. Finally, so much cholesterol had precipitated that almost all light was scattered. As 

expected, cholesterol was released faster at higher reaction temperature as indicated by the 

shorter initial phase and the more negative slope of the trace. 

Complete removal of the steroid was confirmed by 1H NMR spectra recorded of both, the 

precipitate as well as the residue of the aqueous phase of a similar experiment (Photographs of 

this experiment are shown in Figure 2B-D, find protocol in the SI).The former shows a clean 

cholesterol spectrum, despite of some water (SI, Figure S29), whereas the latter just exhibits 

pure PEG diol (SI, Figure S30). 

B.2 Scissile heterofunctional PEGs. Poly(ethylene glycol)s with cleavable terminal 

functionalities can be used to covalently bind PEG to different substrates such as other synthetic 

polymers, proteins, or small molecular weight drug molecules and subsequently release the 

substrate upon a suitable trigger. As mentioned before, such materials have been described in 

the past, but most of these approaches are based on the extensive modification of 

monofunctional mPEGs and do not allow any further modification of the polyether, such as the 

addition of a labeling or targeting moiety. 

 

 
Figure 6. 1H NMR spectrum (400 MHz) of 650 recorded in CDCl3.  
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Three cleavable heterofunctional polymers 6Pn were synthesized with varying degrees of 

polymerization and characterized by  standard methods. The proton NMR spectrum (Figure 6) 

was referenced to the methyl group of the acetal and exhibits full incorporation of the initiator. 

The degree of polymerization and the number-averaged molecular weights were calculated from 

the integral values using the following equation, where IPEG is the integral of the backbone peak. 

 

𝑃𝑛 =
3
4
∙
𝐼𝑃𝐸𝐺 − 10

𝐼𝑀𝑒
 

 

𝑀𝒏 = 𝑃𝑛 ∙ 𝑀𝐸𝑂 + 𝑀𝟒𝒃 = 𝑃𝑛 ∙ 44
𝑔
𝑚𝑜𝑙

+ 329
𝑔
𝑚𝑜𝑙

 

 

 
Figure 7. SEC elugrams of 6 with various degrees of polymerization; RI detector signal. 
 

All molecular weights found were in good agreement with the calculated theoretical values as 

well as those determined by SEC (elugrams shown in Figure 7) and are summarized in Table 1. , 

The SEC elugrams of all samples (Figure 7) revealed monomodal traces of well-defined 

polymers with PDIs lower than 1.08. Full incorporation of the initiator was further confirmed by 

the MALDI-ToF MS (Figure 8). All mass-averaged peaks satisfied the following equation:  

 

𝑀𝟔(𝑛) = 𝑀𝟒𝒃 + 𝑛 · 𝑀𝐸𝑂 + 𝑀𝐾+ = 329.4
𝑔
𝑚𝑜𝑙

+ 𝑛 ∙ 44.05
𝑔
𝑚𝑜𝑙

+ 39.1
𝑔
𝑚𝑜𝑙
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Figure 8. MALDI-ToF mass spectrum of 650 and detail. Masses given for averaged signals, mass 
difference calculated from monoisotopic peaks. Spectrum was recorded in reflectron mode. 
 

In conclusion, we successfully applied 4b as an initiator for the oxyanionic polymerization of 

ethylene oxide and confirmed its full incorporation into well-defined poly(ethylene glycol)s with 

adjustable molecular weights.  

To obtain heterofunctional polyethers, all samples of 6 were hydrolyzed to the corresponding 

α-amino-ω-hydro PEGs 750, 775, and 7140. Complete removal of the benzyl groups was verified 

by the absence of aromatic signals in the 1H NMR spectrum (exemplary spectrum of 750 shown 

in the Supporting Information, Figure S26). The residual initiator proton signals (quadruplet of 

methine at 4.68 ppm, triplet of methylene adjacent to the amino group at 2.65 ppm, and 

doublet of methyl group at 1.20 ppm) were still observed. The degrees of polymerization, 

determined by the following equation, were in good agreement with those of the corresponding 

precursors (Table 1). Hence, no cleavage of the acetal occurred during the hydrogenation step.  

 

𝑃𝑛 =
3
4
∙
𝐼𝑃𝐸𝐺 − 6
𝐼𝑀𝑒

 

 

The MALDI-ToF mass spectra of 7 (SI, Figures S40-S42) supported this result, as each of them 

revealed the distribution of mass peaks of the desired species. . 

As mentioned in a previous study, PEGs carrying a terminal amino group exhibit an apparent 

broadening of the molecular weight distributions in SEC analysis with our system.51 This effect 

was also observed for all samples of 7 (exemplary SEC elugram of 750 shown in SI, Figure S45) 
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which is why no reasonable molecular weight average and thus no PDI could be determined by 

SEC. However, upon derivatization of the amino group SEC revealed a well-defined PEG with 

narrow molecular weight distribution (vide infra).  

 
Table 1. Characteristic data of scissile heterofunctional PEGs 6, 7, and 10. 

Polymer Mn
[a]  

/ g·mol-1 
Mn

[b]  
/ g·mol-1 

Mn
[c]  

/ g·mol-1 
Mw

[c]  
/ g·mol-1 Pn

[b] PDI[c] 

650 2320 2510 2140 2320 50 1.08 

675 3330 3630 3040 3260 75 1.07 

6140 5730 6490 5590 5900 140 1.06 

750 2330 2400 -[d] -[d] 51 -[d] 

775 3450 3470 -[d] -[d] 75 -[d] 

7140 6310 6500 -[d] -[d] 144 -[d] 

10 3570 3610 3160 3360 76 1.06 

[a] Calculated. [b] Determined by 1H NMR. [c] Determined by SEC, referenced to PEG standards.  
[d] Not determined, due to apparent broadening of molecular weight distribution in SEC analysis. 
 

In order to confirm the accessibility of 7’s cleavable terminal amino group for further 

derivatization reactions and activate the polyether for the bioconjugation with proteins, the 

recently established conversion of α-amino-ω-hydroxyl PEGs into the corresponding squaric acid 

ester amides51 was carried out. 775 was reacted with diethyl squarate to yield 10  

(Scheme 4). 

 

 
Scheme 4. Synthetic route to scissile squaric acid ester amido PEGs. 
 

In Figure 9 the superimposed SEC traces of 10 and its precursors 675 and 775 are shown. The SEC 

elugrams of 10 and 675 exhibited monomodal traces of well-defined polymers with 

corresponding molecular weight distributions. The PDI of 10 (1.06) was slightly lower than the 

PDI found for 675 (1.07) which was attributed to a loss of a small low-molecular weight fraction 

of the polymer upon repetitive precipitation of 10 in cold diethyl ether during the work-up. Full 
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conversion of the amino terminus to the squaric acid ester amide and complete retention of the 

acetal was verified by MALDI-ToF MS. The mass spectrum (SI, Figure S43) shows the expected 

distribution of potassium cationized polymer peaks. In the 1H NMR spectrum of 10 (SI,  

Figure S28), the methyl protons showed an isolated signal around 1.28 ppm, whereas the 

corresponding methylene signal was superimposed by the acetal methine resonance at 

4.76 ppm. The Pn determined from the NMR spectrum is in very good agreement with the 

values calculated for the amino PEG precursor. However, a small amount (< 5 mol%) of 

acetaldehyde was detected in the proton NMR spectrum. Since the ethyl ester’s methyl group 

integrated to the expected value, the MALDI-ToF MS detected a single distribution, and TLC of 

10 showed a single UV-active compound, the detected partial acetal cleavage had occurred in 

the NMR tube. 

 

 
Figure 9. SEC elugrams of 675 (red, RI detector), 775 (dotted black, RI detector) and 10 (blue, UV 
detector). Note, that amino PEGs often revealed a broadening of the mass distribution in the SEC 
analysis (on our system) leading to a seeming increase of the PDI. 
 

A closer look was taken on the acidic cleavage of the acetals by following the hydrolysis of the α-

(1-(2-dibenzylamino ethoxy)ethoxy) ω-hydro PEG 675 at 37 °C in acidic D2O solutions with 

various pD values (pD 2.4, pD 4.4, pD 4.9, and pD 5.4) with 1H NMR spectroscopy. All 

integrals were referenced to the aromatic resonances of the benzyl groups and the integral of the 

acetal methyl  signal was monitored to determine the residual acetal. The acidic acetal cleavage 

was also investigated for 10 at pD 4.9 in an experiment analogous to those described before. In 

Figure 10 the normalized integral values of the residual acetals of 675 and 10 are plotted against 

time (find corresponding NMR spectra in the SI, Figures S48-S52). Since the solvent served as a 
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reagent in the degradation and the samples were diluted (c6 = 5.74 mM, c10 = 2.38 mM), it was 

assumed that acetal hydrolysis followed pseudo-first order kinetics and therefore, the 

experimental data was fitted with an exponential decay function:  

 
𝐼𝟔𝟕𝟓(pD, 𝑡) = 𝑒−𝑘𝐷2𝑂𝑡 ∙ 𝐼𝟔𝟕𝟓(pD, 𝑡 = 0). 

 

 
Figure 10. Acidic cleavage of scissile PEGs 675 (circles) and 10 (squares) in deuterium oxide followed 
by 1H NMR spectroscopy at various pD values at T = 37 °C. Crossed circles: pD 2.4. Dotted circles: 
pD 4.4. Full circles/squares: pD 4.9. Open circles: pD 5.4. Solid lines: Exponential fits. 
 

The cleavage rate constants in deuterium oxide kD2O and corresponding half-lives t1/2 of all 

hydrolyses were calculated from the exponential fits and are listed in Table 2. Similar to the 

acidic degradation of recently presented poly(glycidyloxyethyl ethylene glycol ether) (PGEGE) 

copolymers,44 a strong pH-dependence of the degradation kinetics was observed. At pD 2.4 half 

the amount of 675 had been hydrolyzed after two hours, whereas at pD 5.4 the polymer 

exhibited a half-life of over a month (t1/2 = 40 ± 4 d). Most interestingly, 10 degrades much 

faster than 675 under the same conditions. The basic tertiary amino group adjacent to the acetal 

of 675 is protonated and carries a positive charge in acidic media. Hence, the pre-equilibrium 

protonation of one of the acetal oxygens (due to the Coulomb forces most probably the one at 

the PEG side), which occurs prior to the cleavage of the acetal carbon-oxygen bond,60 is 

hindered, and therefore the hydrolysis rate of 675 is comparably low. The corresponding 

nitrogen of 10 will not be protonated, since its electron lone pair is delocalized in the squaric 
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acid amide bond, resulting in a faster acetal cleavage. Nevertheless, squaric acid amides are 

known to be protophilic61 and 10 will be protonated at its squaric acid moiety to some extent. 

This is why under comparable conditions the half-life of 10 is longer than that of Bn2NTrisP(G-

co-GEGE), whose focal amino group is spatially separated from most of its acetaldehyde 

acetals.44 Unfortunately, these values cannot be transferred directly to protic systems, as it has 

to be taken into account that the kinetic deuterium isotope effect for the hydrolysis of (simple) 

non-cyclic acetals in water is around kD+/kH+ = 2.6-2.7.60  

 
Table 2. Acetal cleavage rate constants and half-lives of scissile PEGs in acidic deuterium oxide. 

Polymer pD kD2O / s-1 t1/2 / h 

675 2.4 1180 ± 100 2.12 ± 0.18 

675 4.4 25.4 ± 0.7 98.2 ± 2.9 

675 4.9 17.4 ± 0.3 143.1 ± 2.9 

675 5.4 2.60 ± 0.23 961.4 ± 86.2 

10 4.9 40.2 ± 1.9 62.1 ± 3.0 

 

B.3 PEG with scissile backbone. Well-defined functional PEGs with a cleavable group in 

the backbone can be synthesized rapidly with our methodology using an AROP macroinitiator 

such as 1-(2-hydroxyethoxy)ethoxy mPEG (4c). The amount of EO batched in the 

polymerization was calculated to add a PEG block with a number-averaged molecular weight of 

6.0 kg·mol-1, allowing separation and distinction of this block from the macroinitiator precursor 

(2.0 kg·mol-1) via SEC upon acidic cleavage of the acetal. For the interpretation of the 1H NMR 

spectrum of the scissile mPEG 8 (SI, Figure S27) the peak integrals were again referenced to the 

signal of the methoxy group. Except for the larger backbone signal the spectrum was almost 

identical to that of the precursor. In agreement with the expected theoretical value the Mn was 

calculated from the 1H NMR spectrum to be 7.9 kg·mol-1 using the following equation: 

 

𝑀𝒏 = 𝑃𝑛 ∙ 𝑀𝐸𝑂 + 𝑀𝐶𝐻3𝑂𝐻 =
3
4
∙
𝐼𝑃𝐸𝐺
𝐼𝐶𝐻3

∙ 44
𝑔
𝑚𝑜𝑙

+ 32
𝑔
𝑚𝑜𝑙
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This value also corresponds well to the Mn determined from the SEC trace (7.5 kg·mol-1, 

elugram shown in Figure 11). Note, that the trace was referenced to a PEG standard. Compared 

to the macroinitiator the molecular weight distribution became broader and the polydispersity 

index increased to 1.09, still indicating a well-defined polyether. The cleavability of the in-chain 

acetal in acidic media was demonstrated by stirring the scissile mPEG 8 in aqueous 0.11 M p-

toluene sulfonic acid for 3 h at room temperature. In Figure 11 the normalized SEC elugrams of 

8 before and after degradation as well as its mPEG precursor 1c are shown. Note, that the 

degraded sample exhibits a bimodal trace and the mode corresponding to a smaller 

hydrodynamic radius fits well to that of 1c. The second mode is clearly shifted to a lower 

molecular weight in comparison to the SEC trace of 8 and was clearly assigned to the PEG block 

polymerized onto 4c. Both modes of the degraded sample corresponded to narrowly distributed 

PEGs with number-averaged molecular weights of about 1.8 kg·mol-1 and 5.7 kg·mol-1, 

respectively, which is in very good agreement with the expected values. Hence, we successfully 

demonstrated the incorporation of a single acetal into the backbone of well-defined 

poly(ethylene glycol) monomethyl ether with full control over its position in the chain and the 

final cleavability of that moiety under acidic conditions. 

 

 
Figure 11. SEC elugrams of mPEG 1c (blue), and scissile mPEG 8 (black) before and after acetal 
cleavage. RI detector channel. 
 

C. Exploratory Results on Bioconjugation to BSA. 13 equivalents of 10 were coupled to 

BSA using a protocol for the squaric acid mediated PEGylation recently published by our 

group.51 Successful covalent attachment of the acetal-containing squaric acid amido PEGs was 
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evidenced by SDS-PAGE. In Figure 12 the Coomassie Blue-stained gel obtained from the 

electrophoresis is shown. Compared to BSA (lane 2) the BSA-PEG conjugate (lane 6) exhibits a 

clear shift towards higher molecular masses. Lane 2 further reveals the presence of a fraction of 

dimerized BSA, which also was PEGylated completely (high-molecular weight band in lane 6). 

The polydispersity of both the molecular weight of the synthetic polyether and the number of 

polymer chains attached to the protein result in the clear broadening of the protein-polymer 

conjugate band.  

 

 
Figure 12. SDS-PAGE of PEGylated BSA. Lane1: MW marker. Lane 2: BSA. Lane 6: BSA PEGylated 
with 10. Lane 7: PEGylated BSA after acidic treatment. 
 

To proof the cleavability of the acetals and the resulting release of BSA, the synthesized BSA-

PEG conjugate was hydrolyzed in 1 N hydrochloric acid. SDS-PAGE of the product (Figure 12, 

lane 7) exhibits complete release of the protein, which migrated the same distance through the 

gel as the unmodified BSA. This is also true for the dimer. The slight broadening of the bands 

was attributed to the polydisperse number of squaramide linkers still attached to the protein. In 

conclusion, we successfully demonstrated that the incorporation of an acetal moiety into squaric 

acid amido PEGs does not decrease their applicability as PEGylation agents, but gives access to 

acid sensitive protein-PEG conjugates. The detachment of the polyether from the conjugate 

under physiologically more relevant conditions is under current investigation.  
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Conclusion 

We have developed the implementation of an acetaldehyde acetal into initiators for the anionic 

ring-opening polymerization of oxiranes, following a straightforward two-step protocol. Its 

general applicability to a variety of acid stabile AROP initiators has been demonstrated by the 

conversion of a diverse set of chemically different alcohols: Cholesterol, dibenzylamino ethanol 

and poly(ethylene glycol) monomethyl ether. Upon polymerization of EO onto the obtained 

low molecular weight initiators, polyethers with cleavable initiator moieties, but completely 

different properties were generated.  

The PEG carrying the scissile cholesterol unit is an amphiphile with a CMC of 4.20 mg·L-1, 

whereas the cleavable heterofunctional PEGs obtained from dibenzylamino ethanol could be 

subsequently derivatized and activated for the recently described squaric acid mediated 

PEGylation. The latter was proven in a first exploratory model reaction to BSA. In the case of 

the scissile macroinitiator, PEG carrying a single acetal moiety in the backbone of the polymer 

was synthesized. All PEGs were characterized by NMR spectroscopy, MALDI ToF mass 

spectrometry and size-exclusion chromatography (SEC). The incorporation of a single acetal 

unit at the desired position was verified for each of the well-defined polyethers (PDIs ≤ 1.09). 

All of the obtained polymers and the PEGylated BSA were proven to be cleaved at the acetal 

moieties in acidic media.  

In conclusion, we established a rapid methodology to incorporate a single acid labile moiety at 

a desired position in well-defined functional poly(ethylene glycol)s. These materials are highly 

interesting for the development of new pharmaceuticals as well as for materials science. Possible 

applications of the acid sensitive cholesteryl PEGs, e. g. for the reversible stabilization of 

liposomes or acid sensors are subjects to ongoing studies. Also, the PEGylation of other proteins 

than BSA with the scissile polyethers, the pharmaceutical properties of the conjugates, especially 

the in vivo bioactivities, as well as their toxicities are under current investigation. 
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1. Synthetic protocols 

1.1 Reaction kinetics of the synthesis of Acetoxyethyl 1-(2-dibenzylamino ethoxy)ethyl ether 

(3b) followed by 1H NMR spectroscopy. 

AcVE (2, 50 mg, 0.38 mmol) and dibenzylamino ethanol (1b, 50 mg, 0.21 mmol) were 

dissolved in CDCl3 (350 µL each) in separate vials. Trifluoroacetic acid (71 mg, 0.62 mmol) was 

added to the amine containing vial and the reaction was started by combining both solutions in a 

NMR tube (t = 0). After locking and shimming a spectrum was recorded every minute at 294 K 

with 13 scans and a relaxation delay of 1 s for 40 min. To analyze the mixture of AcVE and 1b 

before the beginning of the reaction, an identical reaction solution without TFA was prepared 

and measured using the described parameters. All signals were integrated in the same limits and 

all integral values were referenced to the aromatic resonances. 

 

1.2 Reaction kinetics of acidic cleavage of α-(1-(2-Dibenzylamino ethoxy)ethoxy)-ω-hydro PEG 

675 followed by 1H NMR spectroscopy. 

675 (25.0 mg, 6.89 µmol) was dissolved in a vial containing 1.200 mL acidic deuterium oxide 

solution1 (pD 2.4: diluted D2SO4, pD 4.4 and pD 4.9: acetate buffers, pD 5.4: phosphate 

buffer) and stirred at 310 K. For each 1H NMR measurement an aliquot of 600 µL was placed in 

a NMR tube and returned to the corresponding stock solution after the spectrum had been 

recorded. The spectra were recorded at 294 K with 32 scans (16 scans for the sample degraded 

at pD 2.4) and a relaxation delay of 1 s. All signals were integrated in the same limits and all 

integral values were referenced to the aromatic resonances. The acetal methyl group was 

monitored to follow the degradation. 

 

1.3 Reaction kinetics of acidic cleavage of α-(1-(2-(squaric acid ethyl ester 

amido)ethoxy)ethoxy)-ω-hydro PEG (10) followed by 1H NMR spectroscopy.  

10 (10.2 mg, 2.85 µmol) was dissolved in a vial containing a deuterated1 acetate buffer solution 

(1.200 mL, pD 4.9) and stirred at 310 K. For each 1H NMR measurement an aliquot of 600 µL 

was placed in a NMR tube and returned to the stock solution after the spectrum had been 

recorded. All spectra were recorded at 294 K with 32 scans and a relaxation delay of 1 s. The 
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signals were integrated in the same limits and all integral values were referenced to the 

polyether backbone signal. The acetal methyl group was monitored to follow the degradation. 

 

1.4 Reaction kinetics of the addition of mPEG (2 kg·mol-1) to AcVE followed by SEC. 

The reaction was carried out analogous to a 1.5-fold batch of the described synthesis of 1-(2-

Acetoxyethoxy)ethoxy mPEG (3c). Every 30 min an aliquot of 5 mL was quenched with 

sufficient triethylamine. All samples were washed with 1 N NaOH, dried over sodium sulfate 

and evaporated to small volume. The polymers were precipitated in cold diethyl ether, filtered, 

and subsequently dried in vacuo. Finally, all samples were analyzed via size exclusion 

chromatography. 

 

1.5 Acidic cleavage of α-(1-(Cholesteryloxy)ethoxy)-ω-hydro PEG (5) monitored by 

turbidimetry. 

An aqueous solution of the scissile amphiphile 5 (10 mg·L-1) kept at either T = 25 °C or 

T = 37 °C in a cuvette with a width of 10 mm was acidified to pH 1 by adding concentrated 

hydrochloric acid and subsequently placed in a UV-VIS spectrometer with a tempered 

measuring cell. Time measurement was started on acidifying the solution and the relative light 

transmission (λ = 528 nm) through the cell was recorded. 

 

1.6 Acidic cleavage of α-(1-(Cholesteryloxy)ethoxy)-ω-hydro PEG (5) for NMR studies. 

2.0 mL of a solution of the scissile cholesteryl PEG 5 (10 g·L-1) and an analogous solution of a 

poly(ethylene glycol) monocholesteryl ether with comparable molecular weight (2300 g·mol-1) 

as a control were acidified by the addition of 20 µL of concentrated hydrochloric acid. The 

solution was centrifuged and the phases separated by decantation. The precipitate was washed 

with water, dissolved in chloroform-d, and dried over sodium sulfate. The water of the aqueous 

phase was removed by distillation. Afterwards, the residue was dried in high vacuum at 60 °C 

and dissolved in chloroform-d. 1H NMR spectra of both, the precipitate as well as the residue of 

the aqueous phase were recorded. 
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1.7 Acidic cleavage of α-(1-mPEG ethoxy)-ω-hydro PEG (8).  

8 (0.20 g, 25µmol) and pTSA (20 mg, 0.11 mmol) were stirred for 3 h in water (1 mL). After 

the solution had been extracted with DCM three times the organic phases were combined and 

dried over sodium sulfate. The solution was evaporated to small volume and precipitated in cold 

diethyl ether. 

 

1.8 Covalent attachment of 10 to BSA. 

PEGylation of BSA was carried out analogous to a published protocol for squaric acid mediated 

PEGylation.2 BSA (10.2 mg, 155 nmol) and 10 (7.2 mg, 2.0 µmol) were dissolved in aqueous 

borate buffer (pH 10, 200 µL) and DMSO (85.5 µL) and stirred overnight at room 

temperature. BSA-PEG conjugate was obtained in quantitative yields after dialysis in water 

(MWCO = 25 kDa) and subsequent lyophilization. 
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2. NMR spectra 

 
Figure S1. 1H NMR spectrum (400 MHz) of 3a in CDCl3 at T = 294 K. 
 

 
Figure S2. 13C NMR spectrum (100.6 MHz) of 3a in CDCl3 at T = 294 K. 
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Note to Figure S2. As AcVE is a prochiral compound, the addition of the diastereopure 

cholesterol led to the formation of two diastereomers, which were not separated by column 

chromatography. In the broadband decoupled 13C NMR experiments on 3a, several carbon 

atoms, mainly those of the steroid’s A ring and the acetaldehyde acetal unit, exhibited slightly 

different chemical shifts in dependence on the configuration of the acetal. In the 13C NMR 

spectrum of the mixture of diastereomers these carbon atoms appeared as two signals with no 

significantly different integration values. Hence, none of the two diastereomers was formed in 

favor over the other. A separation of both diastereomers was not intended, as subsequent to 

saponification, both will serve as initiators for the polymerization of ethylene oxide equally. 

Whether a separation becomes necessary for possible applications is under current investigation.  

While a proton spectrum of pure 3a could be recorded (Figure S1), the carbon NMR 

spectrum revealed a few additional peaks assigned to cholesterol resulting from acetal 

degradation of the sample in the deuterated chloroform during the much more time-consuming 
13C experiments. Acetal cleavage in chloroform-d was also observed during proton NMR 

experiments on α-(1-(2-(squaric acid ethyl ester amido)ethoxy)ethoxy) ω-hydro PEG 10 (Figure 

S28). 

 

 
Figure S3. 1H COSY NMR spectrum (400 MHz) of 3a in CDCl3 at T = 294 K. 
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Figure S4. HSQC NMR spectrum (400 MHz) of 3a in CDCl3 at T = 294 K. 
 
 

 
Figure S5. HSQC NMR spectrum (400 MHz) of 3a in CDCl3 at T = 294 K (detail of Figure S4). 
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Figure S6. HMBC NMR spectrum (400 MHz) of 3a in CDCl3 at T = 294 K. 
 
 

 
Figure S7. HMBC NMR spectrum (400 MHz) of 3a in CDCl3 at T = 294 K (detail of Figure S6). 
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Figure S8. 1H NMR spectrum (400 MHz) of 3b in CDCl3 at T = 294 K. 
 
 

 
Figure S9. 13C NMR spectrum (100.6 MHz) of 3b in CDCl3 at T = 294 K recorded on a Bruker ARX 

400. 
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Figure S10. HSQC NMR spectrum (400 MHz) of 3b in CDCl3 at T = 294 K. 
 

 
Figure S11. HMBC NMR spectrum (400 MHz) of 3b in CDCl3 at T = 294 K. 
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Figure S12. HMBC NMR spectrum (400 MHz) of 3b in CDCl3 at T = 294 K (detail of Figure S11). 
 
 
 

 
Figure S13. 1H NMR spectrum (400 MHz) of 4a in CDCl3 at T = 294 K. 
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Figure S14. 13C NMR spectrum (100.6 MHz) of 4a in CDCl3 at T = 294 K. 
 
 
 

 
Figure S15. 1H COSY spectrum (400 MHz) of 4a in CDCl3 at T = 294 K. 
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Figure S16. HSQC spectrum (400 MHz) of 4a in CDCl3 at T = 294 K. 
 

 
Figure S17. HSQC spectrum (400 MHz) of 4a in CDCl3 at T = 294 K (detail of Figure S16). 
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Figure S18. HMBC spectrum (400 MHz) of 4a in CDCl3 at T = 294 K. 
 
 

 
Figure S19. HMBC spectrum (400 MHz) of 4a in CDCl3 at T = 294 K (detail of Figure S18). 
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Figure S20. 1H NMR spectrum (400 MHz) of 4b in DMSO-d6 at T = 294 K. 
 
 

 
Figure S21. 13C NMR spectrum (100.6 MHz) of 4b in DMSO-d6 at T = 294 K recorded on a Bruker 
ARX 400 with a 5mm BBO probe. 
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Figure S22. HSQC NMR spectrum (400 MHz) of 4b in DMSO-d6 at T = 294 K. 
 
 
 
 

 
Figure S23. HMBC NMR spectrum (400 MHz) of 4b in DMSO-d6 at T = 294 K. 
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Figure S24. HMBC NMR spectrum (400 MHz) of 4b in DMSO-d6 at T = 294 K (detail of Figure S23). 
 
 
 

 
Figure S25. 1H NMR spectrum (400 MHz) of 4c in CDCl3 at T = 294 K. 
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Figure S26. 1H NMR spectrum (400 MHz) of 750 in DMSO-d6 at T = 294 K. 
 
 
 

 
Figure S27. 1H NMR spectrum (400 MHz) of 8 in CDCl3 at T = 294 K. 
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Figure S28. 1H NMR spectrum (400 MHz) of 10 in CDCl3 at T = 294 K. 
 
 

 
Figure S29. 1H NMR spectrum (400 MHz) of precipitate of 5’s cleavage, recorded in CDCl3 at 
T = 294 K. 
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Figure S30. 1H NMR spectrum (400 MHz) of PEG diol isolated from aqueous phase of 5’s cleavage, 
recorded in CDCl3 at T = 294 K. 
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3. IR spectra 

 

 
Figure S31. IR-spectrum of commercially available 2.0 kg·mol-1 mPEG (1c).  
 
 
 
 

 
Figure S32. IR-spectrum of 3a.  
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Figure S33. IR-spectrum of 3b.  
 
 
 
 
 
 
 
 

 
Figure S34. IR-spectrum of 3c.  
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Figure S35. IR-spectrum of 4a.  
 
 
 
 
 
 

 
Figure S36. IR-spectrum of 4b.  
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Figure S37. IR-spectrum of 4c.  
 
 
 
 

 
Figure S38. IR-spectrum of 5.  
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4. MALDI TOF mass spectra 

 
Figure S39. MALDI-ToF mass spectrum of 5 and detail (masses given for averaged signals, mass 
differences calculated from monoisotopic peaks). Matrix: CHCA. Salt: KTFA. Reflectron mode. 
All mass-averaged peaks satisfied the following equation: 

𝑴𝟓(𝒏) = 𝑴𝟒𝒂 + 𝒏 ∙ 𝑴𝑬𝑶 + 𝑴𝑲+ = 𝟒𝟕𝟒.𝟖
𝒈
𝒎𝒐𝒍

+ 𝒏 ∙ 𝟒𝟒.𝟎𝟓
𝒈
𝒎𝒐𝒍

+ 𝟑𝟗.𝟏
𝒈
𝒎𝒐𝒍

 

 

 
Figure S40. MALDI-ToF mass spectrum of 750 and detail (masses given for averaged signals, mass 
differences calculated from monoisotopic peaks). Matrix: CHCA. Salt: KTFA. Reflectron mode. 
All mass-averaged peaks satisfied the following equation: 

𝑴𝟕(𝒏) = 𝑴𝑯𝟑𝑵 + (𝟑 + 𝒏) · 𝑴𝑬𝑶 + 𝑴𝑲+ = 𝟏𝟕.𝟎
𝒈
𝒎𝒐𝒍

+ (𝟑 + 𝒏) ∙ 𝟒𝟒.𝟎𝟓
𝒈
𝒎𝒐𝒍

+ 𝟑𝟗.𝟏
𝒈
𝒎𝒐𝒍
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Figure S41. MALDI-ToF mass spectrum of 775 and detail (masses and differences given for averaged 
signals). Matrix: CHCA. Salt: KTFA. Reflectron mode. 
All mass-averaged peaks satisfied the following equation.  

𝑴𝟕(𝒏) = 𝑴𝑯𝟑𝑵 + (𝟑 + 𝒏) · 𝑴𝑬𝑶 + 𝑴𝑪+ = 𝟏𝟕.𝟎
𝒈
𝒎𝒐𝒍

+ (𝟑 + 𝒏) ∙ 𝟒𝟒.𝟎𝟓
𝒈
𝒎𝒐𝒍

+𝑴𝑪+  

 

 
Figure S42. MALDI-ToF mass spectrum of 7140 and detail (masses and differences given for averaged 
signals). Matrix: CHCA. Salt: KTFA. Reflectron mode. 
All mass-averaged peaks satisfied the following equation:  

𝑴𝟕(𝒏) = 𝑴𝑯𝟑𝑵 + (𝟑 + 𝒏) · 𝑴𝑬𝑶 + 𝑴𝑲+ = 𝟏𝟕.𝟎
𝒈
𝒎𝒐𝒍

+ (𝟑 + 𝒏) ∙ 𝟒𝟒.𝟎𝟓
𝒈
𝒎𝒐𝒍

+ 𝟑𝟗.𝟏
𝒈
𝒎𝒐𝒍
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Figure S43. MALDI-ToF mass spectrum of 10 and detail (masses and difference given for monoisotopic 
peaks). Matrix: CHCA. Salt: KTFA. Reflectron mode. 
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5. SEC elugrams 

 
Figure S44. SEC elugram of 5. Mn = 1690 g·mol-1, PDI = 1.08. Number averaged molecular weight 
and polydispersity index obtained from calibration with PEO standards. RI detector channel, eluent: 
DMF containing 0.25 g·L-1 LiBr. 
 

 
Figure S45. SEC elugram of 750. RI detector channel, eluent: DMF containing  
0.25 g L-1 LiBr. Note: Amino PEGs often revealed a broadening of the mass distribution in the SEC analysis (on our 
system) leading to an increase in the apparent Mw/Mn ratio (polydispersity index, PDI) and even to bimodal traces. 
This might be the result of interactions of the amino moiety with the poly(HEMA) columns of the size-exclusion 
chromatograph. Upon derivatization of the amino group, e.g. amide formation, the PDIs decreased significantly, 
confirming that the enhanced PDI-values were an artifact of the SEC-method. 
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6. Spectra/elugrams of reaction kinetics 

 

 
Figure S46. Reaction kinetics followed by 1H NMR spectroscopy in CDCl3 using 1.8 eq. of AcVE and 
3 eq. of TFA. Exemplary, the normalized integral values of three peaks related to the dibenzylamino 
ethyl acetal 3b as well as the methylene protons adjacent to dibenzylamino group of 1b are plotted 
against time. Black triangles: Acetate methyl protons of 3b. Grey triangles: Acetal methine proton of 
3b. Open diamonds: Methylene protons adjacent to dibenzylamino group of 3b. Solid circles: 
Methylene protons adjacent to dibenzylamino group of 1b. All integral values were referenced to the 
aromatic resonances. 
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Figure S47. 1H NMR spectra recorded of the reaction of dibenzylamino ethanol with acetoxyethyl vinyl 
ether (1.8 eq.) in CDCl3 with 3 eq. of TFA.  
 

 
Figure S48. 1H NMR spectra recorded of the acidic cleavage of 675 in D2O acidified with D2SO4 
(pD 2.4). Resonance of acetaldehyde acetal’s methyl protons highlighted. 
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Figure S49. 1H NMR spectra recorded of the acidic cleavage of 675 in deuterated aqueous acetate buffer 
solution (pD 4.4). Resonance of acetaldehyde acetal’s methyl protons highlighted. 
 
 

 
Figure S50. 1H NMR spectra recorded of the acidic cleavage of 675 in deuterated aqueous acetate buffer 
solution (pD 4.9). Resonance of acetaldehyde acetal’s methyl protons highlighted. 
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Figure S51. 1H NMR spectra recorded of the acidic cleavage of 675 in deuterated aqueous phosphate 
buffer solution (pD 5.4). Resonance of acetaldehyde acetal’s methyl protons highlighted. 
 
 

 
Figure S52. 1H NMR spectra recorded of the acidic cleavage of 10 in deuterated aqueous acetate buffer 
solution (pD 4.9). Resonance of acetaldehyde acetal’s methyl protons highlighted. 
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Figure S53. Reaction kinetics of the addition of mPEG (2 kg·mol-1) to AcVE followed by SEC. 
Formation of symmetric di(mPEG) acetal observable as second mode at high molecular flank around 
Ve = 21 mL. RI detector channel, eluent: DMF containing 0.25 g·L-1 LiBr. 
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Abstract 

The pharmacological properties of therapeutically interesting proteins can be improved by 

the covalent attachment of poly(ethylene glycol) (PEG) chains, a process also known as 

PEGylation. Branched PEGs have been found to be advantageous over their linear 

analogues, since they are less immunogenic, undergo slower proteolysis, exhibit higher 

in vitro bioactivities, and exhibit prolonged body residence times. However, none of these 

branched PEGs carry additional functionalities for the attachment of targeting moieties or 

labels. Herein, we present a straightforward route to α-amino ω2-dihydroxyl three-arm 

star-shaped PEGs that are ideal candidates for the squaric acid mediated PEGylation. 

Further, we demonstrate by the use of a novel cleavable initiator for the anionic 

polymerization of ethylene oxide (EO) bearing a primary and a secondary hydroxyl 

group, that the rates of the initiation of the EO polymerization are independent on the 

nature of the alcohols. 
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Introduction 

Therapeutically interesting proteins usually suffer from short body-residence times, since they 

undergo rapid proteolysis and often are immunogenic. The pharmacological properties of these 

proteins can be improved by the covalent attachment of poly(ethylene glycol) (PEG) chains,[1-6] a 

process also known as PEGylation and described first by Davis and coworkers.[7, 8] Besides the 

molecular weight of the fastened polyether,[9, 10] the in vitro bioactivity of PEGylated proteins, 

which is commonly reduced in comparison to the native derivatives and the blood-circulation 

times, depend on the PEG architecture. Especially the use of branched polymers drew a lot of 

attention, as their protein conjugates were less immunogenic, underwent slower proteolysis, 

and exhibited higher in vitro bioactivities as well as prolonged blood-circulation times than 

conjugates synthesized from linear PEGs.[11-15] These findings were assigned to a more effective 

shielding of the proteins by the branched PEGs, rather than to the different hydrodynamic radii 

of the resulting PEG/protein conjugates.[16] The most prominent branched PEG consists of two 

20 kDa PEG monomethyl ether (mPEG) chains attached to both amino groups of a lysine active 

ester via urethane linkages and has been used to improve the pharmacological properties of 

several therapeutically interesting proteins.[11-13, 17-20] However, similar to other branched PEGs 

applied for protein PEGylation,[15, 21-29] the residual terminal functions of the polyethers are 

blocked as methyl ethers and the polymer chains cannot be derivatized at this position, which 

would be necessary to attach labels for tracking the fate of the polymer. Furthermore, Sherman 

et al. suggested that protein/PEG conjugates from α-activated ω-hydroxyl-PEGs, which were 

synthesized from PEG diols and subsequent isolation from divalent species via HPLC, might 

show a reduced loss of efficacy compared to the methylated derivatives.[30]  

Herein, we report the straightforward synthesis of a heterofunctional three-arm star PEG 

carrying a single amino and two hydroxyl termini (Scheme 1), which can be applied for the 

recently presented squaric-acid-mediated PEGylation,[31, 32] and discuss the initiation rates of 

primary and secondary hydroxyl groups in the anionic ring-opening polymerization (AROP) of 

ethylene oxide (EO). An ether baed on glycerol was chosen as the branching unit, since it lasts 

the harsh AROP conditions and most probable yields a biocompatible material. This assumption 

was based on the biocompatibility of both glycerol and polyglycerol.[33, 34]  
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Scheme 1. Synthesis of heterofunctional three-arm star shaped PEG 6. i) 2,2-Dimethyl-4-(p-
tolylsulfonyl-oxymethyl)-1,3-dioxolane (2), NaOH, tetrahydrofuran (THF), tetrabutyl ammonium 
bromide (TBAB). ii) 1 M hydrochloric acid, THF. iii) 1. CsOH·H2O, C6H6, 90 °C, vacuum; 2. 
Tetrahydrofuran (THF), m = o + p EO, 60 °C; 3. MeOH. iv) H2, Pd(OH)2/C, dioxane/water 1:1, 
80 bar, 40 °C. 

Experimental Section 

Materials. All reagents and solvents were purchased from Acros Organics, Fluka or Sigma-

Aldrich and were used without further purification unless stated otherwise. Ethylene glycol 

monovinyl ether was purchased from TCI Europe. Deuterated solvents were purchased from 

Deutero GmbH and stored over molecular sieves (except for deuterium oxide). Dibenzylamino 

ethanol,[35] 4-bromomethyl-2,2-dimethyl-1,3-dioxolane,[36] 2,2-dimethyl-4-trifluoromethane-

sulfonyloxymethyl-1,3-dioxolane,[37] α-(N,N-dibenzylamino)-ω-hydroxy poly(ethylene glycol) 

(1),[31] and 1-(glycidyloxy)ethyl benzyloxethyl ether[38] were prepared according to known 

protocols. Dry THF used for the anionic ring-opening polymerization of ethylene oxide was 

dried and stored over sodium. Care must be taken when handling the highly toxic, flammable, 

and gaseous ethylene oxide. 

Methods. 400 MHz spectra 1H NMR spectra were either recorded on a Bruker ARX 400 or a 

Bruker Avance-II 400 with a 5mm BBO probes. 300 MHz spectra 1H NMR spectra were 

recorded on a Bruker AC300 equipped with a 5mm dual 13C probe and a B-ACS 60 auto 

sampler. All spectra were recorded with 32 scans at 294 K using a relaxation delay of 1 s unless 

stated otherwise and processed with MestReNova v6.1.1 software. Size-exclusion 

chromatography (SEC) measurements in DMF containing 0.25 g·L-1 of lithium bromide as 

additive were performed on an Agilent 1100 Series as an integrated instrument using PSS 

(Polymer Standards Service) HEMA column (106/105/104 g/mol), RI-detector, and UV-

detector operating at 275 nm. Calibration was executed using poly(ethylene oxide) (PEO) 



 194 3 Novel Poly(ethylene glycol) Structures for Biomedical Applications 

standards from PSS. Matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-ToF MS) measurements of all polymers were recorded on a Shimadzu 

Axima CFR MALDI-ToF MS mass spectrometer, equipped with a nitrogen laser delivering 3 ns 

laser pulses at 337 nm. α-Cyano hydroxyl cinnamic acid (CHCA) or dithranol was used as a 

matrix and potassium trifluoroacetate (KTFA) was added for ion formation. The analytes were 

dissolved in methanol at a concentration of 10 g·L-1. An aliquot (10 μL) was added to 10 µL of a 

solution (10 g·L-1) of the matrix and 1µL of a solution of the cationization agent. 1 µL of the 

mixture was applied on a multistage target, methanol evaporated, and a thin matrix/analyte film 

was formed. Mass spectra were measured on a Finnigan MAT 95 (field desorption, FD-MS).  

Procedures. 2,2-Dimethyl-4-(p-tolylsulfonyloxymethyl)-1,3-dioxolane (2). 2 was synthesized 

according to a modified version of a known protocol.[39] A solution of p-toluenesulfonyl chloride 

(89.0 g, 0.467 mol) in dry pyridine (160 mL) was placed in a dropping funnel and added drop-

wise to freshly, over calcium hydride distilled solketal (51.6 g, 0.390 mol) in dry pyridine 

(40 mL) under argon atmosphere and continuous stirring at 0 °C. The resulting solution was 

allowed to come to room temperature slowly and was stirred over-night. Diethyl ether 

(200 mL) was added and the solution was subsequently washed with 1 m hydrochloric acid 

(440 mL), water (400 mL) and saturated sodium bicarbonate solution (400 mL). The organic 

layer was dried over sodium sulfate and filtered. 2 was obtained as colorless crystals (86.2 g, 

0.301 mol, 77%) after recrystallizing twice from diethyl ether and subsequent drying in vacuo. 
1H NMR (400 MHz, CDCl3): δ [ppm] = 7.79 (d, 2H, J = 8.4 Hz, ortho CHAr), 7.35 (d, 2H, J = 

8.4 Hz, meta CHAr), 4.34–4.19 (m, 1H, H-4), 4.15–3.91 (m, 3H, CH2OTs and H-5a), 3.76 

(dd, 1H, J = 8.8 Hz, 5.0 Hz, H-5b), 2.44 (s, 3H, Ar-CH3), 1.33 (s, 3H, CH3), 1.30 (s, 3H, 

CH3). 

α-(N,N-Dibenzylamino)-ω-(2,2-dimethyl-1,3-dioxolan-4-yl)methyl PEG (3). A mixture of sodium 

hydroxide (1.02 g, 25.6 mmol), tetrabutyl ammonium bromide (TBAB, 82.5 mg, 256 µmol), 

α-dibenzylamino-ω-hydroxy poly(ethylene glycol) (1, 4.67 g, 1.95 mmol), water (0.3 mL) and 

THF (0.75 mL) were heated in a closed flask to 55 °C for 1 h. Subsequently, 2 (6.66 g, 

23.3 mmol) was added and the melt was stirred at that temperature for 5 d. Water was added 

and the mixture was extracted with dichloromethane (DCM) four times. The combined organic 

phases were dried over sodium sulfate, filtered and reduced to a small volume. The product was 

purified by precipitating from DCM in cold diethyl ether twice (3.87 g, 1.57 mmol, 80%). 
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1H NMR (300 MHz, DMSO-d6): δ [ppm] = 7.50-7.10 (m, 10H, CHAr), 4.24 – 4.09 (m, 1H, 

H-4), 3.97 (dd, 1H, J = 8.1 Hz, 6.5 Hz, H-5a), 3.90–3.08 (m, 189H, CH2O and H-5b), 3.59 

(s, 4H, CH2Ph), 2.55 (t, 2H, J = 6.1 Hz, CH2NBn2), 1.31 (s, 3H, CH3), 1.26 (s, 3H, CH3). 

α-(N,N-Dibenzylamino)-ω-2,3-dihydroxypropyl PEG (4). 3 (1.96 g, 0.794 mmol) was stirred in a 

solution of THF (5 mL) and 1 M hydrochloric acid (5 mL) for 24 h. After the pH was adjusted to 

13 by the addition of caustic soda, half-concentrated brine (20 mL) was added and the solution 

was extracted four times with DCM. The combined organic phases were dried over sodium 

sulfate, filtered and reduced to a small volume. 4 was purified by precipitating from DCM in 

cold diethyl ether twice (1.65 g, 0.468 mmol, 86%). 1H NMR (400 MHz, DMSO-d6): δ [ppm] = 

7.41–7.15 (m, 10H, CHAr), 4.61 (d, 1H, J = 5.0 Hz, sec OH), 4.46 (t, 1H, J = 5.7 Hz, prim 

OH), 3.90–3.04 (m, 194H, CH2O), 3.59 (s, 4H, CH2Ph), 2.55 (t, 2H, J = 6.1 Hz, CH2NBn2). 

α-(N,N-Dibenzylamino)-ω2-dihydroxy PEG3 (5). This protocol describes the polymerization 

initiated with 474. The macroinitiator 474 (950 mg, 0.275 mmol) was dissolved in benzene 

(10 mL) in a Schlenk flask equipped with a glass stir bar and dried by azeotropic distillation at 

60 C in high vacuum overnight. Dry THF (20 mL) was cryo-transferred into the Flask which 

was subsequently flooded with argon. A solution of potassium naphthalenide in dry THF 

(0.35 mL, 0.5 M) was added via syringe and the solution was cooled to -80 °C. The hydrogen 

originating from the proton reduction as well as a small amount of THF was removed under 

reduced pressure. After ethylene oxide (1.1 mL) had been cryo-transferred via a graduated 

ampule to the initiator solution, the polymerization was carried out at 60 C for 2 days. 5 was 

isolated by repeated precipitation from dichloromethane in cold diethylether. 1H NMR (300 

MHz, DMSO-d6): δ [ppm] = 7.62–7.04 (m, 10H, CHAr), 4.72-4.47 (s, 2H, 2 OH), 4.12-2.86 

(m, 388H, CH2O), 2.55 (s, 2H, CH2NBn2). 

α-Amino-ω2-dihydroxyl PEG3 (6). 5 was hydrogenated according to a protocol for the catalytic 

hydrogenation of α-(N,N-Dibenzylamino)-ω-hydroxy-PEG.[31] Yield: 61%. 

1-(2-Hydroxypropyloxy)ethyl ethylene glycol ether (8). Palladium on activated charcoal (200 mg) 

was added to a solution of 1-(glycidyloxy)ethyl benzyloxethyl ether (7, 2.00 g, 7.93 mmol) in 

dry THF (40 mL). The mixture was placed under a hydrogen atmosphere in an autoclave at 

40 bar and stirred for 72 h. Subsequently, the reaction mixture was filtered and the filter cake 

was washed with THF several times. The pure product (729 mg, 4.45 mmol, 56%) was 

obtained as a mixture of diastereomers upon removal of the solvent and subsequent column 

chromatography (eluent: petroleum ether/ethyl acetate/aceton 1:2:2 v/v/v). 1H NMR (400 
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MHz, DMSO-d6): δ [ppm] = 4.68 (d, J = 5.3 Hz, 1H, H3C-CHO2), 4.59 (t, J = 5.4 Hz, 1H, 

prim OH), 4.57 (dd, J = 4.7 Hz, J = 2.9 Hz, 1H, sec OH), 3.74–3.63 (m, 1H,  

CH3-CHOH-), 3.56–3.50 (m, 1H, HOCH2-CHa), 3.48 (dd, J = 10.3, J = 5.0 Hz, 2H,  

HO-CH2), 3.42–3.37 (m, 1.5H, HOCH2-CHb + 0.5 MeCHOH-CHa), 3.32–3.22 (m, 1H, 

0.5 MeCHOH-CHa + 0.5 MeCHOH-CHb), 3.17 (dd, J = 9.6, 5.6 Hz, 1H, 0.5 MeCHOH-CHb), 

1.19 (d, J = 5.3 Hz, 1H, H3C-CHO2), 1.03 (dd, J = 6.3, 1.7 Hz, 3H, CH3-CHOH-). 13C NMR 

(100.6 MHz, DMSO-d6): δ [ppm] = 99.4 (1C, H3C-CHO2), 70.7 (1C, MeCHOH-CH2), 66.7 

(1C, HOCH2-CH2), 65.2 (1C, CH3-CHOH-), 60.4 (1C, HO-CH2), 20.4 (1C, CH3-CHOH-), 

19.8 (1C, H3C-CHO2). MS (FD-MS, MeOH): m/z = 89.2, 103.1, 165.1 [M+H]+, 329.1 

[2M+H]+, 493.3 [3M+H]+. 

Cleavable poly(ethylene glygol) (9). The following protocol describes the synthesis of 9b derived 

from 23% deprotonated 8. 8 (171 mg, 1.04 mmol) was dissolved in benzene (6 mL) and placed 

in a dry Schlenk flask containing cesium hydroxide monohydrate (79 mg, 0.47 mmol). The 

solution was stirred for several hours at 60 °C under slightly reduced pressure. Benzene and 

reaction water were removed by distillation and subsequent drying at 40 °C under high vacuum. 

After dry THF (10 mL) had been cryo-transferred into the Schlenk flask, dry DMSO (2 mL) was 

added to the flask via a syringe. Ethylene oxide (5.0 g, 0.11 mol) was cryo-transferred via a 

graduated ampule into the initiator solution, the flask was closed tightly and the reaction 

mixture was stirred for 3 d at 40 °C. The polymer was precipitated from methanol in cold 

diethyl ether. Filtration and subsequent drying under reduced pressure gave 9 in quantitative 

yields. 1H NMR (300 MHz, DMSO-d6): δ [ppm] = 4.69 (q, J = 5.1 Hz, 1H, H3C-CHO2), 4.58 

(s, 2H, 2 OH), 3.92–3.11 (m, 413H, CH2O), 1.19 (d, J = 5.3 Hz, 3H, H3C-CHO2), 1.06 (dd, 

JAB = 6.2, 2.6 Hz, 3H, CH3-CHOH-). Attention must be paid when working with the gaseous, 

toxic, and flammable ethylene oxide. 

Results and Discussion 

Synthesis of the macroinitiator. According to the synthetic pathway to heterofunctional 

three-arm star shaped poly(ethylene glycol)s presented in Scheme 1, amino-protected 

heterotelechelic α-(N,N-dibenzylamino)-ω-hydroxy poly(ethylene glycol)s (1) are required. 

Four well-defined polymers with different degrees of polymerization (Pn) 1Pn (149, 174, 1127, and 
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Figure 1. 1H NMR spectra of the macroinitiator with Pn = 49 and its precursors recorded in DMSO-d6. 
A 149 (300 MHz). B 349 (300 MHz). C 449 (400 MHz). Characteristic resonances are labeled. 
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1257) were synthesized in the molecular weight range of 2,000  g·mol-1 to 11,000 g·mol-1 with 

polydispersity indices (PDI, Mw/Mn) from 1.03 to 1.05, following a protocol published recently 

by our group and analyzed by standard characterization methods (1H NMR spectroscopy, 

MALDI-TOF MS, and SEC).[31] The 1H NMR and the mass spectra of 149 (along with its 

derivatives 349, and 449) are presented in Figures 1 and 2, respectively. The corresponding 

spectra of all the other polymers are provided in the Supporting Information. Unfortunately, 

MALDI-TOF MS analysis of most of the polymers with Pn ≥ 127 resulted in unsatisfactory mass 

spectra, which either were poorly resolved or did not show any polymeric species, most 

probably due to the poorer desorbability resulting from the higher masses of theses polymers 

and the less accurate resolution of the spectrometer (compare Experimental Section) at higher 

molecular masses. SEC traces of all the macroinitiators and their precursors including 1Pn are 

shown in Figure 3. 

 

 
Figure 2. Superimposed MALDI-TOF mass spectra of 349 (red) and 449 (blue). A Full spectra. B Detail. 
 

To yield 3, the protected glycerol branching unit was added to 1 in a postpolymerization 

reaction via etherification with 2,2-dimethyl-4-(p-tolylsulfonyloxymethyl)-1,3-dioxolane (2), 

which was synthesized from solketal and p-toluenesulfonyl chloride by a modified version of a 

known protocol.[39] The isopropylidene protecting group was necessary to prevent uncontrolled 

etherification of the residual glycerol hydroxyls. It was removed form 3 efficiently in a 

THF/hydrochloric acid mixture. Attempts to synthesize 3 in a one-pot reaction by terminating 
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the N,N-dibenzylamino-ethanol-initiated EO polymerization with either 2, 2,2-dimethyl-4-

(trifluoromethanesulfonyloxymethyl)-1,3-dioxolane, or 4-bromomethyl-2,2-dimethyl-1,3-

dioxolane did not result in polymers with completely converted terminal functionalities. Full 

conversions of both postpolymerization reactions, i.e., etherification and deprotection of the 

vicinal diol, were verified by end group analysis with and 1H NMR spectroscopy and MALDI-

TOF mass spectrometry. 

 
Table 1. Polymers 1Pn, 3Pn, and 4Pn, sorted by Pn. 

Polymer Mn
[a]  

/ g·mol-1 
Mn

[b]  
/ g·mol-1 

Mn
[c]  

/ g·mol-1 
Mw

[c]  
/ g·mol-1 Pn

[b] PDI[c] 

149 2360 2400 1910 2000 49 1.05 

349 2510 2470 1770 1850 48 1.05 

449 2554 2430 2200 2340 48 1.06 

174 3360 3500 2740 2830 74 1.03 

374 3610 3660 2800 2920 75 1.04 

474 3460 3840[d] 2780 2880 80[d] 1.04 

1127 5360 5940 5130 5380 127 1.05 

3127 5990 5960 5000 5340 127 1.07 

4127 5950 5960 5270 5650 128 1.07 

1257 10400 11600 10100 10600 257 1.05 

3257 11700 11200 8010 8700 247 1.09 

4257 11700 11500 9480 10300 255 1.08 

[a] Calculated. [b] Determined by 1H NMR. [c] Determined by SEC, referenced to PEG standards.  
[d] NMR spectrum of poor quality. 
 

From the NMR spectra of 3 (exemplary spectrum of 349 shown in Figure 1B) the degree of 

conversion of the etherification could be calculated by comparing the integrals of the resonances 

of the initiator (the aromatic signals or the peak of the methylene adjacent to the dibenzylamino 

group) to the area under the peaks of the 1,2-acetonide. The integral ratios of the PEG backbone 

signal (reduced by 5 protons, originating from the termini) to the initiator resonances yielded 

the degree of polymerizations, which were consistent with the corresponding precursor 
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polymers (Table 1). Complete removal of the isopropylidene protecting group was proven by 

the absence of the acetonide signal as well as the presence of the hydroxyl resonances in the 

proton NMR spectra (exemplary spectrum of 449 shown in Figure 1C).The results obtained 

from the NMR spectra were confirmed by the mass spectra, in which the polymeric species 

were either cationized with potassium or sodium ions. In Figure 2A the representative mass 

spectra of 349 and 449 are superimposed, exhibiting only the expected distributions of mass 

peaks. While the former was exclusively cationized with potassium, the latter was detected 

associated to sodium ions. The mass difference between molecules of 349 and 449 with the same 

degree of polymerization (Figure 2B) is consistent with the removal of the isopropylidene 

protecting group. MALDI-TOF spectra of the other polymers are provided in the Supporting 

Information. Unfortunately, from all PEGs with Pn ≥ 127 a well-resolved mass spectrum was 

only obtained of 3127.  

 

 
Figure 3. Molecular weight distributions of polymers 1Pn (black), 3Pn (red), and 4Pn (blue) referenced to 
PEG standards. A Pn = 49. B Pn = 74. C Pn = 127. D Pn = 257. 
 

The size-exclusion chromatograms of 1Pn, 3Pn, and 4Pn (Figure 3) revealed well-defined 

polymers with PDIs in the range of 1.03-1.07 (Table 1). Solely the PEGs with the highest 
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degree of polymerization showed noteworthy broadening of their molecular weight distribution 

upon modification in the postpolymerization reactions (PDIs up to 1.09). Compared to the 

calculated molecular weights and the ones determined by 1H NMR spectroscopy, the Mn values 

of all polymers were underestimated in SEC experiments. Since all samples were referenced to 

PEG diol standards, these values can be seen as a trend only. Therefore, the degrees of 

polymerization of all polymers were calculated from the 1H NMR data.  

Synthesis of the heterofunctional three-arm star polymers. The three-arm star 

polymers carrying a protected amino group were generated in a grafting-from approach using 

the polymeric vicinal diols 4 as macroinitiators for the anionic polymerization of EO. Since the 

smallest applicable amount of ethylene oxide in our setup is limited by the graduated ampule, 

which is used to condense the desired volume of EO for the polymerization, the batched masses 

of the high molecular weight initiators had to be on the order of one gram. To study the reaction 

conditions for the polymerization, two different initiators (474 and 4127) with different degrees of 

deprotonation were investigated: 474 was deprotonated with potassium naphthalenide by 32% 

and 4127 was completely converted into the potassium dialkoxide. 

 

 
Figure 4. Size-exclusion chromatograms of the macroinitiator 474 (blue) and the corresponding star-
shaped PEG 574 (black) referenced to PEG standards. 
 

In SEC analysis (Figure 4), the three-arm star polymer α-(N,N-Dibenzylamino)-ω2-dihydroxy 

PEG3 derived from 474 (574) showed a significant shift in the molecular weight 
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(Mn = 3610 g·mol-1) compared to its precursor (Mn = 2780 g·mol-1) indicating successful 

initiation of the polymerization. Even though the SEC trace exhibits a small high molecular 

weight mode, the polydispersity index is still low (1.07). The EO grafting was confirmed by the 

corresponding MALDI-TOF and NMR spectra. The superimposed spectra of the macroinitiator 

and the star-shaped PEG are shown in Figure 5. Both polymers were cationized with sodium or 

potassium ions. Especially the zoom-in (Figure 5B) displays that 574 possesses the same terminal 

groups as 474 and also has an incorporated glycerol unit, since the high-molecular-weight peaks 

of the initiator overlay perfectly with those of the star-shaped PEG. Although SEC and MALDI-

TOF MS clearly reflect the molecular mass shift, the absolute molecular weight of 574 can only 

be determined from the 1H NMR spectrum because in SEC the polymers are compared to linear 

PEG diol standards and in the mass spectrum species of higher masses are underestimated (mass-

discrimination effect[40, 41]). 

 

 
Figure 5. MALDI-TOF spectrum of the macroinitiator 474 (blue) and the star-shaped PEG 574 (black). 
A Superimposed spectra. B Detatil. 
 

From the integral ratio of the backbone resonances around 3.5 ppm to the aromatic peaks 

around 7.4 ppm in the 1H NMR spectrum of the star-shaped PEG (Figure 6), the degree of 

polymerization was calculated to Pn = 95 and the number-averaged molecular weight to 

Mn = 4520 g·mol-1. This corresponds to an average addition of 21 ethylene oxide units per 

molecule or 10.5 units per arm. However, the theoretical increase in the degree of 

polymerization was 84, and hence only a conversion of 25% was reached. This was attributed to 
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the insufficient reaction time (2 d) which was obviously too short for the very low concentration 

of active chain ends. 

 
Figure 6. 1H NMR spectrum (300 MHz) of 574 recorded in DMSO-d6, T = 294 K. 
 

 
Figure 7. Size-exclusion chromatograms of the macroinitiator 4127 (blue) and the corresponding star-
shaped PEG 5127 (black) referenced to PEG standards. 
 

In contrast, the macroinitiator 4127 was completely deprotonated and the polymerization was 

carried out for a longer time (4 d). From 406 theoretical monomer units, 353 (87%) were 

added according to the 1H NMR spectrum recorded for the three-arm PEG 5127 (SI, Figure S10. 

In result, the molecular weight of 5127 was Mn,NMR = 21500 g·mol-1. The shift in the molecular 

weight referred to the macroinitiator was also detected by SEC. In Figure 7 the chromatograms 
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of both polymers are displayed. Note that the molecular mass of 5127 is obviously 

underestimated by this method, since the molecules of the star-shaped PEG have smaller 

hydrodynamic radii compared to molecules of the linear standard polymer with the same degree 

of polymerization. However, the PDI increased to 1.20 after grafting of the additional PEG 

arms. This was mainly attributed to a small low-molecular-weight fraction which apparently did 

not initiate the EO polymerization. This is most probably due to aggregation of the divalent 

reactive sites of the initiator. The reaction conditions might be optimized to achieve full 

monomer conversion and to yield heterofunctional star-shaped PEGs with more narrowly 

distributed molecular weights. 

The exploratory hydrogenation of the dibenzyl protected amino groups of the 

heterofunctional star-shaped PEGs was carried using 574 as a substrate. Full conversion to α-

amino-ω2-dihydroxyl PEG3 (6) was confirmed by the absence of the aromatic resonances in the 
1H NMR spectrum (Figure 6). As we have reported earlier, amino group containing 

poly(ethylene glycol)s show an apparent broadening of the molecular weight distribution in SEC 

analysis on our system.[31, 42] We also observe this effect for the heterofunctional three-arm star-

shaped PEG (SI, Figure S23). 

 

 
 
Figure 8. 1H NMR spectrum (400 MHz) of 6 recorded in CDCl3, T = 294 K, 16 scans. 
 

Influence of the type of hydroxyl group on arm length. The presented synthetic 

strategy to heterofunctional star shaped PEGs involves the initiation of the AROP of EO with a 

divalent macroinitiator. Both initiation moieties differ chemically, since one is a primary and the 

other a secondary hydroxyl group. Although glycerol derivatives with hydroxyl groups of both 
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types have been used to initiate the anionic polymerization of ethylene oxide,[21, 43-47] the 

dependence of the nature of the hydroxyl group on the degree of polymerization of the 

corresponding PEG arm has barely been described. Grafting EO from propylene oxide (PO) 

capped hyperbranched poly(glycerol)s indicated sufficient reactivity of PO’s secondary hydroxyl 

group for the complete initiation of these functionalities.[43] However, detailed investigation of 

this issue is not trivial since standard characterization methods such as NMR spectroscopy, IR 

spectroscopy, mass spectrometry, and size-exclusion chromatography give information on the 

degree of polymerization, hydrodynamic volume, conversion, and degree of incorporation of 

the initiator, but do not reveal the average number of EO units added to each of the chemically 

different initiation sites. 

In order to study this particular question, we synthesized 1-(2-hydroxypropyloxy)ethyl 

ethylene glycol ether (HPEGE, 8), a divalent AROP initiator carrying both, a primary and a 

secondary hydroxyl group, as well as build-in acid-degradable acetal junction. HPEGE was 

synthesized form 1-(glycidyloxy)ethyl benzyloxethyl ether (7) by catalytic perhydrogenation 

(Scheme 2). The PEG diol 9 resulting from HPEGE-initiated AROP of EO can be cleaved under 

acidic conditions. The obtained PEG fragments 10 and 11, initiated by the ethylene glycol or the 

propylene glycol site, respectively, do not have to be separated, which would be almost 

impossible, and can be analyzed by SEC and MALDI-TOF mass spectrometry to disclose the 

difference in the initiation rates. 
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Scheme 2. Synthesis of cleavable poly(ethylene glycol) (9). i) H2, Pd/C, THF, 40 bar, room 
temperature, 72 h. ii) 1. CsOH·H2O, C6H6, 90 °C, vacuum; 2. Tetrahydrofuran (THF), m = o + p EO, 
60 °C; 3. MeOH. iii) 1 M hydrochloric acid, THF. 
 

HPEGE has been briefly identified as a byproduct in the synthesis of 1-(glycidyloxy)ethyl 

ethylene glycol ether (GEGE),[38] but has not been fully characterized yet. The conversion of 7 in 

favor of HPEGE was improved by using palladium on activated charcoal instead of Pearlman’s 
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catalyst, by increasing the reaction time as well as the reaction pressure (p = 40 bar), and by 

conducting the reaction in dry THF. HPEGE was obtained as a mixture of its diastereomers and 

was characterized by NMR spectroscopy and mass spectrometry. 

In the 1H NMR spectrum of 8 (Figure 9) the characteristic acetaldehyde acetal signals 

(quadruplet at δ = 4.68 ppm and doublet at δ = 1.19 ppm) as well as the resonances of the 

hydroxyl protons and the propanyl’s methyl group were easily identified. To assign the residual 

signals, a H,H-COSY (correlated spectroscopy) spectrum (SI, Figure S12) was recorded, which 

revealed three spin systems, i.e., the one of the aldehyde, the hydroxylethyl, and the 

hydroxylpropyl moiety. The assignment was confirmed by the 13C NMR and 1H, 13C-HSQC 

NMR spectra of 8 (SI, Figures S11 and S13). In field-desorption mass spectrometry 8 was 

detected as protonated unimer, dimer and trimer. Since 8 can easily undergo intramolecular 

transacetalization when protonated, also the resulting protonated cyclic acetals 2-methyl-1,3-

dioxolane and 2,4-dimethyl-1,3-dioxolane were detected in the mass spectrum at m/z = 89.2 

and 103.1, respectively. These species were formed during the ionization process, because the 

NMR spectra gave no hint to their presence in the sample. 

 

 
Figure 9. 1H NMR spectrum (400 MHz) of HPEGE (8) recorded in DMSO-d6, T = 294 K. 
 

Two polymers 9 with molecular weights of around 5,000 g/mol were prepared from HPEGE 

deprotonated with either 24 mol% (9a) or 45 mol% (9b) of cesium hydroxide (resulting in 12% 

and 23% deprotonated hydroxyls, respectively) to investigate the influence of the degree of 

deprotonation on the chain length to either side of the initiator. The polymerization initiated by 
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the former was stirred 24 h longer than the second one to ensure full EO conversion. In the 
1H NMR spectra of both samples of 9 (SI, Figures S14 and S15), the resonances of the 

acetaldehyde acetal moiety and the methyl group of the propylene oxide unit proved the 

incorporation of the initiator into the polymers. From the integral ratios of these signals to the 

backbone peaks the degrees of polymerization and the molecular weights of the polyethers were 

determined, which agreed well with the theoretical values (Table 2).  

Full incorporation of the initiator into 9a was confirmed by the MALDI-TOF mass spectrum 

(SI, Figure S21), which showed the expected series of mass peaks cationized with potassium. 

SEC analysis (Figure 10A and SI, Figures S24) again yielded slightly underestimated molecular 

weights (Table 2). The molecular weight distribution of the polymer derived from the diol 

deprotonated to a lesser extend (9a) was slightly broader (1.08) than that of the one of the 

second polymer (9b, PDI = 1.06), which might be attributed to the slower initiation rates in the 

less basic system.  

 
Table 2. Cleavable PEGs 9a and 9b as well as the corresponding hydrolysis producs (10 + 11)a and  
(10 + 11)b 

Polymer Mn
[a]  

/ g·mol-1 
Mn

[b]  
/ g·mol-1 

Mn
[c]  

/ g·mol-1 
Mw

[c]  
/ g·mol-1 Pn

[b] PDI[c] 

9a 4960 4750 4120 4460 104 1.08 

9b 4960 5120 4460 4750 112 1.06 

(10 + 11)a 2360[e] 2420[d] 2150[d] 2340[d] 53[d] 1.09[d] 

(10 + 11)b 2540[e] 2640[d] 2330[d] 2480[d] 58[d] 1.06[d] 

[a] Calculated. [b] Determined by 1H NMR. [c] Determined by SEC, referenced to PEG standards.  
[d] Average values of mixture. [e] Calculated under assumption of symmetrical polymerization. 
 

The product of the acidic cleavage of the acetal in the backbone of 9b - a mixture of PEG diol 

(10) and α-(hydroxylisopropyl)-ω-hydroxy PEG (11) - yielded a monomodal SEC trace, that 

corresponded to a polymer with approximately half the molecular weight of 9b (Figure 10A) 

and the PDI was still as low as 1.06. Symmetrical cleavage was also confirmed by MALDI-TOF 

MS (detail shown in Figure 10B, full spectrum provided in the SI). The distributions of both, 10 

and 11, were found superimposed in the expected molecular weight range around 2500 g/mol, 

although 10 was detected with a much higher intensity. However, the proton NMR spectrum of 

10 and 11 (Figure 10C) proved equimolar presence of both PEG derivatives, since the hydroxyl 
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proton resonance of the hydroxylisopropyl moiety was clearly distinguishable from those of the 

other ones and the integration ratios were 1:3, respectively. Similar results were obtained from 

the degradation of 9a (SI, Figure S16). 

Due to the finding of a symmetrical cleavage of 9, it can be concluded that both hydroxyl 

groups of 8, primary and secondary, do not exhibit a significant difference in the rate of 

initiation in the AROP of EO under the investigated conditions. Also, this outcome is 

independent from the degree of initiator deprotonation. This further indicates that the initiation 

of anionic EO polymerization with the divalent PEG macroinitiators presented above actually 

afforded the targeted three-arm star polymer with indistinguishable lengths of the grafted arms.  

 

 
Figure 10. Characterization of the mixture of 10 and 11 derived from 9b. A SEC traces of 9b before 
(black) and after (red) cleavage referenced to PEG standards. B Detail of MALDI-TOF mass spectrum 
of 10 and 11. C 1H NMR spectrum (300 MHz) of 10 and 11 recorded in DMSO-d6. 
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Conclusions 

We have developed a straightforward synthetic route to heterofunctional three-arm star-shaped 

poly(ethylene glycol)s and have successfully demonstrated the synthesis of linear, divalent 

macroinitiators in the molecular weight range of 2,000-10,000 g·mol-1. Further, we synthesized 

two PEG stars carrying dibenzyl-protected amino groups by grafting two additional polyether 

arms from the initiators’ vicinal diols. However, the conditions of this polymerization can 

probably be further optimized to obtain full monomer conversion and heterofunctional three-

arm stars with narrowly distributed molecular weights. In an exploratory hydrogenation to yield 

α-amino-ω2-dihydroxyl PEG3 we have demonstrated the removal of the benzyl protecting 

groups. A possible application of these novel branched PEGs in the squaric acid mediated 

PEGylation of proteins and their effect on the blood circulation times as well as the bioactivities 

of the resulting PEG/protein conjugates are under current investigation. 

In order to investigate the influence of the nature of the hydroxyls on the length of the PEG 

arms grafted from the initiators, we have developed and fully characterized a new AROP 

initiator that carries a primary as well as a secondary hydroxyl group separated by an acid-

sensitive acetal moiety. By polymerizing ethylene oxide from this divalent initiator and 

subsequent hydrolysis of the acetal, we demonstrated that there is no investigable difference in 

the initiation rates of both types of hydroxyl groups in the AROP of EO.  
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1. Procedures 

1.1 Acidic cleavage of 9 

9 (250 mg, 51.2µmol) was stirred in a mixture of methanol (1 mL) and hydrochloric acid (2 M, 

1 mL) for several hours. The mixture was neutralized by the addition of caustic lye of soda and 

extracted 5 times with dichloromethane. The combined organic phases were dried over sodium 

sulfate and evaporated to a small volume. Precipitation in cold diethyl ether and subsequent 

drying yielded the cleaved polymer in almost quantitative yield.  
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2. NMR Spectra 

 
Figure S1. 1H NMR spectrum (300 MHz) of 174 recorded in DMSO-d6, T = 294 K. 
 
 

 
Figure S2. 1H NMR spectrum (400 MHz) of 1127 recorded in CDCl3, T = 294 K. 
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Figure S3. 1H NMR spectrum (300 MHz) of 1257 recorded in DMSO-d6, T = 294 K. 
 
 

 
Figure S4. 1H NMR spectrum (300 MHz) of 374 recorded in DMSO-d6, T = 294 K. 
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Figure S5. 1H NMR spectrum (300 MHz) of 3127 recorded in DMSO-d6, T = 294 K. 
 
 

 
Figure S6. 1H NMR spectrum (300 MHz) of 3257 recorded in DMSO-d6, T = 294 K. 
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Figure S7. 1H NMR spectrum (300 MHz) of 474 recorded in DMSO-d6, T = 294 K. 
 

 
Figure S8. 1H NMR spectrum (300 MHz) of 4127 recorded in DMSO-d6, T = 294 K. 
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Figure S9. 1H NMR spectrum (300 MHz) of 4257 recorded in DMSO-d6, T = 294 K. 
 
 

 
Figure S10. 1H NMR spectrum (400 MHz) of 5127 recorded in CDCl3, T = 294 K, 16 scans. 
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Figure S11. 13C NMR spectrum (100.6 MHz) of 8 recorded in DMSO-d6, T = 294 K. 
 
 

 
Figure S12. 1H,1H COSY NMR spectrum (400 MHz) of 8 recorded in DMSO-d6, T = 294 K. 
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Figure S13. 1H,13C-HSQC NMR spectrum (400 MHz) of 8 recorded in DMSO-d6, T = 294 K. 
 
 

 
Figure S14. 1H NMR spectrum (300 MHz) of 9a recorded in DMSO-d6, T = 294 K. 
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Figure S15. 1H NMR spectrum (300 MHz) of 9b recorded in DMSO-d6, T = 294 K. 
 
 

 
Figure S16. 1H NMR spectrum (300 MHz) of mixture of 10 and 11 derived from 9a recorded in 
DMSO-d6, T = 294 K.  
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3. MALDI-TOF Mass Spectra 

 
Figure S17. MALDI-TOF mass spectrum of 174. Matrix: CHCA. Salt: KTFA. Reflectron mode. 
 

 
Figure S18. MALDI-TOF mass spectrum of 374. Matrix: CHCA. Salt: KTFA. Reflectron mode. 
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Figure S19. MALDI-TOF mass spectrum of 474. Matrix: CHCA. Salt: KTFA. Reflectron mode. 
 
 

 
Figure S20. MALDI-TOF mass spectrum of 3127. Matrix: CHCA. Salt: KTFA. Reflectron mode. 
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Figure S21. MALDI-TOF mass spectrum of 9a. Matrix: CHCA. Salt: KTFA. Reflectron mode. 
 

 
Figure S22. MALDI-TOF mass spectrum of 10 and 11 derived from 9b. Matrix: CHCA. Salt: KTFA. 
Reflectron mode. 
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4. SEC traces 

 

 
Figure S23. SEC traces of 6 referenced to PEG standards. Eluent: DMF, RI-Detector. 
 
 
 

 
Figure S24. SEC traces of 9a before (black) and after (red) cleavage referenced to PEG standards. 
Eluent: DMF, RI-Detector. 
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