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Motivation and Objectives 
 

During the past century, the oxyanionic ring-opening polymerization of epoxides has 

become a key technique for polymer synthesis. The resulting polyethers, particularly 

poly(ethylene glycol) (PEG), have enabled an immense variety of applications in 

pharmaceutics, cosmetics, and food production. The living polymerization technique 

allows for the precise control over the molecular weight, molecular weight distribution, 

architecture, and end group functionalization of these polymers. Furthermore, rapid 

progress in the synthesis of suitable epoxide monomers has provided a tool box for 

various functionalities that can be incorporated into the polyether backbone. Hydroxyl-, 

thiol-, allyl-, vinyl-, amine-, or acetal-groups, just to name a few, are accessible via 

orthogonal protection chemistry. By using a latent AB2-type epoxide monomer, such as 

glycidol, in the ring-opening multibranching polymerization it is possible to achieve 

hyperbranched structures with a tailored number of hydroxyl groups. Hyperbranched 

polyglycerol (hbPG) exhibits high thermal stability, unique rheological behavior, 

excellent water-solubility, and biocompatibility, which render it an interesting material 

for pharmaceutical applications.  

The combination of epoxide chemistry and functional initiators or end capping agents 

enlarges the tool box for functional polymers. Complexity of the molecular structures 

can be increased via the combination of epoxides such as ethylene oxide (EO), 

ethoxyethyl glycidyl ether (EEGE), and glycidol. Here, linear, linear-hyperbranched, or 

hyperbranched structures are achievable.  

Introducing a hydrophobic initiator can give access to amphiphilic structures with highly 

interesting properties, e.g., in liposome research, as surfactants, or as surface active 

molecules. In particular, PEG-lipids have attracted increased attention due to their 

incorporation into phospholipid bilayers. It was found that the polymer sterically 

stabilizes these vesicles with favorable properties in vivo. The so-called “stealth” 

liposomes exhibit reduced aggregation and protein adsorption in biological media, as 

well as prolonged blood circulation times that render them suitable for anti-cancer 

therapy. However, the main drawback of PEG, besides its non-degradability, is the lack 
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of functional groups, especially for methoxyPEG (mPEG). However, functional groups are 

essential for the attachment of targeting groups or other derivatization reactions. As will 

be demonstrated in this thesis, the epoxide monomer tool box is ideal to overcome 

these disadvantages since polyfunctionality and various architectures can be tailored. 

The aim of this thesis is the synthesis of tailor-made amphiphilic, complex polyether 

lipids with selected functional groups in the polymer backbone with a special focus on 

understanding the resulting liposomes and – for the first time - application in vivo. As a 

separate part of this work, novel thermoresponsive copolymers of glycidyl methyl ether, 

focusing on the use of the epoxide tool box for unprecedented copolymers, are 

presented. 

The specific objectives of this thesis are described in the following. 

 

i) Synthesis of Novel Functional Polymer Lipids as a “Functionalization Platform”: The 

synthesis of novel polyether-based lipid analogues and the expansion of the 

epoxide tool box for this synthetic purpose is the main topic of the first part of this 

thesis. The creation of a “functionalization platform” for these types of lipids is an 

essential improvement, which is achieved by either postpolymerization reactions, 

e.g., introduction of alkyne groups or phosphonic acid groups for bone adhesion, 

or by using functional epoxides, like allyl glycidyl ether (AGE) for further 

derivatization with thiols.  

ii) Cleavable Polyether-Based Lipids: pH-responsive polymer lipids are ideal 

components for liposomes in cancer therapy, since the tumor tissue exhibits a 

slightly acidic environment. Upon tumor accumulation, cleavage of the chains is 

promoted, leading to membrane-membrane fusion and cargo release. A 

challenging issue in the synthesis of acid-cleavable polyether-based lipids is the 

appropriate choice of epoxide monomers or functional initiators that withstand 

the reaction conditions and are stable under neutral pH. In this regard, a special 

emphasis of this thesis was placed on the exploration of polyether-based lipids 

with one or multiple cleavable acetal-groups.  

iii.) Interaction of Polymer Lipids with Phospholipid Monolayers: The incorporation in 

membranes and interaction of the cholesterol-based polymers with phospholipid 

membranes is a key issue for the stability of lipid monolayers or bilayers. Hence, 
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the characterization of the physical behavior and the interaction of the synthetic 

polyether lipids and fluorescent labeled polymer lipids with phospholipids at the 

water-air interface was carried out in Langmuir-Blodgett films (in close 

collaboration with the groups of Prof. Jörg Kressler and Prof. Alfred Blume, 

Institute of Chemistry, Halle (Saale), Germany). 

iv.) Pre-In Vivo and In Vivo Studies: The most important research objectives for the 

functionalized liposomes are (i) understanding their interaction with biological 

media and (ii) their organ distribution in vivo, which are highly relevant for their 

eventual use in biomedical applications. Therefore, the different polyether lipids 

and liposomes were evaluated in human blood serum by dynamic light scattering 

(DLS) in collaboration with the Institute of Physical Chemistry (Prof. Manfred 

Schmidt), Johannes Gutenberg University Mainz and the Max Planck Institute of 

Polymer Research (Dr. Kristin Mohr and Prof. Katharina Landfester). A special 

emphasis of these studies was the investigation of possible aggregation of the lipid 

assemblies with proteins in serum, which has been shown to compromise the 

efficiency of drug delivery systems.  

Major steps towards applications in vivo are animal studies and biodistribution 

measurements. This step was carried out in collaboration with the research group 

of Prof. Rösch, Institute of Nuclear Chemistry, Johannes Gutenberg University 

Mainz and Prof. Miederer from the Nuclear Medicine Department. Systematic 

comparison of radiolabeled linear and linear-hyperbranched polymers, and the 

respective liposomes was performed with regard to their organ distribution via 

positron emission tomography (PET). To this end, we considered the application of 

the positron emitter fluorine-18 and labeling of the polymers as well as cholesterol 

itself as being advantageous for these studies to get first insights into the 

distribution of the liposomal assemblies during in vivo application. 

iv.) Challenging Copolymerization of EO and GME: Expanding the abovementioned 

epoxide tool kit, the synthesis and characterization of copolymers that possessed 

tunable melting temperatures and thermoresponsive behavior depending on the 

monomer composition was developed. In this regard, the copolymerization of 

ethylene oxide (EO) and glycidyl methyl ether (GME) seemed to be facile, but 

unexpectedly, pronounced differences in reactivity made this approach 
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challenging. The traditional oxyanionic ring-opening polymerization was not 

suitable in this case. Therefore, a different approach was followed. The advantages 

of the employed “activated monomer polymerization” are the addition of an 

aluminum catalyst activating the epoxides and low reaction temperatures 

(-15 °C-20 °C), which translates to less hazardous reaction conditions compared to 

those used for the oxyanionic polymerization.  

 

In the appendix of this thesis, various chapters summarize contributions to other areas 

of the polyether field that resulted from collaborations with colleagues of the research 

group of Prof. Frey or other collaboration partners. 
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Abstract 
 

This thesis aims at the synthesis of tailor-made polyether-based lipids bearing selected 

functional groups, their incorporation into liposomes, and their characterization in 

contact with biological media, as well as novel polyether copolymers with 

thermoresponsive behavior. The work is motivated both by fundamental synthetic 

questions and potential applications of the resulting materials. 

Chapter 1 gives an introduction to this thesis. A review on the synthetic strategies of 

polyether-based lipids with multivalent architectures and the current state-of-the-art in 

liposome research is given in Chapter 1.1. Chapter 1.2 comprehensively reviews the 

synthetic strategies and biomedical applications of linear polyglycerol (linPG) and gives 

an overview of the various functionalization reactions addressing either the termini or 

in-chain hydroxyl functions at the polymer backbone. The usage of linPG as a valuable 

building block in block co-, or tercopolymers as well as a macroinitiator for the 

multibranching polymerization of glycidol is highlighted.  

Chapter 2 focuses on the synthesis, functionalization, and characterization of 

cholesterol-based lipids obtained either by the usage of a functional epoxide tool box or 

postpolymerization reactions of the ready-made lipids. In Chapter 2.1 a synthetic 

pathway for allyl-containing cholesterol-lipids with different architectures is developed. 

Using cholesterol as the initiator in the oxyanionic ring-opening polymerization of 

ethoxyethyl glycidyl ether (EEGE) and allyl glycidyl ether (AGE), linPG with pendant 

hydroxyl and allyl groups is achievable. By combining various epoxides, complex 

architectures, such as block copolymers of PEG-linPG with allyl groups grafted-from the 

polymer backbone or hyperbranched polyglycerol (hbPG) with allyl groups at the corona 

have been synthesized. The allyl groups were addressed in thiol-ene coupling reactions 

with thiols leading to functionalized lipids (postpolymerization functionalization). As an 

example, the hyperbranched structure with attached glutathione was successfully 

incorporated into liposomes, resulting in surface modified vesicles.  

Although polyether lipids can stabilize liposomes, their non-degradability is a major 

issue, since membrane-membrane fusion and cargo release can be slowed down 

compared to non-stabilized vesicles. This aspect is tackled in Chapter 2.2 which 
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describes the synthesis and characterization of acid-cleavable lipids with different 

architectures. The introduction of acetal moieties in hyperbranched polyether-based 

lipids was achieved via random or sequential copolymerization of the epoxide inimer 1-

(glycidyloxy)ethyl ethylene glycol ether (GEGE) and glycidol (epoxide tool box) with 

amounts of GEGE between 8-49 mol%. In addition, hyperbranched polyethers with 

exactly one acetal unit were prepared using a functional cholesterol-initiator. Shedding 

of the liposomes was proven by using the linear analogue functionalized with an alkyne 

group and a fluorescent label, Atto 488 azide, via “click”-chemistry in collaboration with 

the group of Prof. Helm, Institute of Pharmacy and Biochemistry. Investigation of the 

acetal-cleavage under acidic pH (7.4-2.0) via fluorescence spectroscopy revealed a 

strong dependence on the pH.  

In Chapter 2.3 the synthetic concept of postpolymerization reactions of the pendant 

hydroxyl groups within the polymer backbone of linPG is transferred to the introduction 

of phosphonic acid groups into cholesterol-linPG polymers. (Bis-)phosphonates are ideal 

functional groups for the attachment onto CaPO4-surfaces and therefore might be 

suitable in delivering vesicles to bone tissues for bone cancer treatment. The Michael-

type addition of diethyl vinyl phosphonate to the hydroxyl groups of the polymer 

backbone and subsequent release of the phosphonic acid groups resulted in lipids with a 

tunable amount of functional moieties (29-76 mol%). Preliminary results of the 

incorporation into liposomes and the attachment onto CaPO4-surfaces are described in 

this section.  

The interaction of polymer lipids with phospholipid monolayers or bilayers is a crucial 

question which was addressed in Chapter 3. Two polyether-based linear-hyperbranched 

block copolymers with and without a covalently attached rhodamine fluorescence label 

(Rho) have been compared. Compression isotherms of co-spread phospholipids (DPPC or 

POPC) with the respective polymers were measured on the Langmuir trough, and the 

morphology development of the liquid-condensed (LC) domains was studied by epi-

fluorescence microscopy. It was observed that the presence of the fluorescence label 

significantly influences the domain morphology, since the rhodamine labelled polymer 

showed higher line activity. Confocal laser scanning microscopy (CLSM) of giant 

unilamellar vesicles (GUVs) also confirmed the polymers’ fast adsorption to and 

insertion into phospholipid membranes, which is crucial for potential applications.  
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Chapter 4 focuses on the comparison of linear and linear-hyperbranched cholesterol-

lipids with respect to their applications in liposomes in vivo. In Chapter 4.1 linear and 

linear-hyperbranched polymers are evaluated with respect to their steric stabilization 

properties of liposomes in human blood serum. Liposomes with different amounts of 

polymer (0-30 mol% respectively) were investigated in contact with biological media via 

dynamic light scattering (DLS). Slight aggregation of the PEGylated liposomes and a 

desired lack of aggregation of the liposomes with the branched polymer chains was 

detected by this sensitive method. 

The application in vivo of the functionalized linear and linear-hyperbranched polymers 

as well as the respective sterically stabilized liposomes is discussed in detail in 

Chapter 4.2. The positron emitter fluorine-18 was attached to the polyether backbone 

via the copper-catalyzed azide-alkyne click reaction (CuAAC) and positron emission 

tomography (PET) was carried out in vivo for 1 h. Ex vivo biodistribution revealed 

different organ accumulation patterns of non-stabilized liposomes, in which cholesterol 

was labelled with 18F, and the two differently stabilized stealth-type liposomes. Non-

stabilized liposomes rapidly accumulated in liver and spleen, whereas the latter ones 

remained in the blood stream and other organs for a longer time.  

Chapter 5 expands the scope of the epoxide tool box from lipids to novel polyether-

based copolymers by the copolymerization of ethylene oxide (EO) and glycidyl methyl 

ether (GME). Although formally only one oxygen and a methylene group is added to 

each repeating unit of poly(ethylene glycol) (PEG), a material with different properties is 

obtained. Due to pronounced differences in reactivity of both monomers, not the 

oxyanionic ring-opening polymerization was used, but an “activated monomer process”. 

The copolymers were amorphous or showed low melting temperatures, depending on 

the GME amount (30-100 mol%). Furthermore, temperature-dependent solubility in 

aqueous solution was observed, and the lower critical solution temperature (LCST) was 

tunable between 55 °C and 98 °C by varying the comonomer ratio. A major step 

compared to already literature-known polyethers synthesized by this technique, was the 

purification and removal of the initiator salt, which was found to influence the physical 

properties of the copolymers. A slightly tapered, but not block-like structure was 

revealed by differential scanning calorimetry (DSC) and triade sequence analysis 

(13C NMR spectroscopy).  
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Abstract 

 

Liposomes, vesicles consisting of phospholipids, are well known drug carriers, especially 

in anti-cancer treatment. Due to their improved pharmacokinetics, “stealth” liposomes, 

which are polymer coated vesicles, are being used in clinical applications with good 

results. One of the drawbacks of poly(ethylene glycol) (PEG) that is preferentially 

incorporated, is its lack of functional groups and its non-biodegradability. In this article 

new polyether-based lipids are presented that can be synthesized from an epoxide 

monomer library, resulting in tailored multivalent architectures. The cholesterol-based 

lipid-like structures offer further possibilities for functionalization, which is important for 

active targeting. Furthermore, a rather simple synthetic route has been developed, 

which leads to acid-cleavable cholesteryl-PEG, thus leading to possible controlled 

destabilization of the liposome formulation. This process is crucial for drug release 

in vivo. 
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Introduction 

 

The formation of liposomes by self-assembly of phospholipids in water was discovered 

almost 40 years ago. Liposomes are colloidal vesicles consisting of a lipid bilayer with an 

aqueous medium interior.1 Fundamental research on the preparation, stability, release 

profile, encapsulation efficiency and targeting of liposomes has led to clinical 

application. Especially for cancer therapies, the use of extremely toxic and aggressive 

drugs shows serious side effects. Effective delivery-systems, like liposomes, enabled an 

important step towards minimizing these undesired properties on healthy tissue. 

Advantages of these systems include a high local concentration of the anticancer drug, 

while protecting the body from a cytostatic drug before its release at the target site. A 

well known example is doxorubicin, an anthracycline, which has severe cardiotoxic 

effects in humans when applied directly. However, when encapsulated in lipid 

formulations it shows considerably increased circulation time compared to the free 

drug, and more importantly, lower concentration of the free drug and consequently 

lower cardiotoxicity. The respective product, known as Doxil™, was one of the first 

liposome formulations approved in the US. 

Conventional liposomes (see Figure 1) as lipoidal carriers have been extensively studied 

as drug-delivery systems, motivated by the combination of reduced side effects on 

healthy tissue and passive targeting.1,2 However, the main disadvantages of such 

systems are the rapid removal from the blood by macrophages (mononuclear phagocyte 

system, MPS) after opsonin binding and uptake into liver and spleen.3 Additionally, their 

physical and chemical instability results in uncontrollable properties in vivo.4,5 To 

overcome these drawbacks, so-called “stealth” liposomes with surfaces modified by 

mainly poly(ethylene glycol) (PEG), but also polysaccharides, were developed. The 

presence of PEG for example effects prolonged blood circulation time,6,7 reduced MPS 

uptake,8 reduced aggregation of PEGylated carriers and better (storage) stability of 

liposomal carriers.9 
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Figure 1: left: Schematic picture of conventional liposomes and sterically stabilized 
liposomes, right: TEM image of liposomes containing a lipid and cholesterol-PEG.  

 

The present chapter will give a short overview of the recent developments in 

multifunctional “stealth” liposome preparations. This interdisciplinary area between 

synthetic polymer chemistry, advances in their characterization combined with new 

liposome preparation techniques leads to interesting new aspects in the area of 

“stealth” liposomes. Next to a short overview of polymeric amphiphiles currently used in 

“stealth” liposome preparations, the main focus will be on polyethers such as 

poly(ethylene glycol) (PEG) and alternative branched and hyperbranched structures 

recently developed in our group. Additionally, we will give a short summary of acid-

cleavable polymers in the application of degradable liposomes. 

 

Liposome stabilization: A polymer shell is necessary 

 

In vivo studies of conventional liposomes have shown that they are rapidly opsonized by 

serum proteins, and therefore are taken up by cells of the mononuclear phagocyte 

system (MPS), such as Kupffer-cells or macrophages from the liver. This process is a key 

to control drug delivery, since the particles are not capable of performing their desired 

therapeutic task.10 Although the exact mechanism is not clearly understood yet, it is 

known that the type and number of proteins that attach to the vesicle’s surface can vary 

dramatically. Factors that influence the opsonization process include liposome size, 

composition, and charges. Harashima et al. demonstrated a correlation between 

200 nm
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decreasing liposome size and decreasing opsonization. Furthermore, phagocytic cells 

remove liposomes in proportion to the amount of opsonization.11 Negatively charged 

liposomes increase intracellular uptake into phagocytic cells and therefore accelerate 

their own clearance after administration.12,13  Since the binding of proteins depends on a 

variety of physicochemical characteristics, the initial approaches to increase circulation 

time relied on changing these parameters. The simplest way to achieve this goal is to 

reduce the liposome size by sonication, extrusion or microfluidization.1 A rather recent 

method for the preparation of small liposomes was presented by Massing et al.. They 

used a so-called dual asymmetric centrifuge (DAC) to produce a viscous vesicular 

phophoplipid gel (VPG), which can be diluted to a conventional liposome dispersion. The 

procedure is based on shear forces for efficient homogenization due to two rotating 

movements in this special centrifuge.14 The authors also showed high entrapping 

efficiencies of siRNA under sterile conditions.15  

Another route to improve circulation time is to graft a polymer shell onto the surface of 

the particles (see Figure 1). The attachment of e.g., poly(ethylene glycol) (PEG), can lead 

to a protective, hydrophilic polymer layer, which prevents opsonin adsorption via steric 

repulsion. Hence, opsonization is reduced, and the probability for the uptake by the MPS 

system is decreased. Research groups who studied the half-life times in vivo could show 

extended retention periods from 5 h up to 5 days.16-19 Furthermore, it was proven that 

PEGylated liposomes showed improved biodistribution, which resulted in low amounts 

of “stealth” liposomes (10-15%) being taken up by the liver.20  

Covalent attachment to lipids is clearly more stable than mere physical adsorption. 

Hence, “stealth” liposomes are prepared by polymer-modified lipids, which can be 

phospholipids or cholesterol, both natural membrane components. These polymer 

conjugates function as an anchor in the vesicle membrane. Selected biocompatible 

amphiphilic compounds used for this purpose are shown in Figure 2. 
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Figure 2: A selection of lipid-polymer conjugates for the incorporation into vesicle 
membranes to generate long-circulating “stealth” liposomes (DSPE= 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine; Ch=cholesterol; PEG= poly(ethylene glycol); 
mPEG=methoxy poly(ethylene glycol)). 

 

Several lipid-polymer conjugates consist of phospholipids, i.e. phosphatidyl 

ethanolamine (PE), which is coupled to methoxy poly(ethylene glycol) (mPEG) via 

carbamate or amide bond formation. Furthermore, cholesterol can be used as the 

hydrophobic anchor. Monomethoxy poly(ethylene glycol) can be coupled to cholesteryl 

chloroformate by a carbonate bond.21 Our group also demonstrated an alternative 

method, which relies on aliphatic initiators, such as cholesterol or bis-n-hexadecyl 

glyceryl ether, for the ring-opening polymerization of ethylene oxide (EO). These 

syntheses are advantageous, since they do not require multiple reaction steps, coupling 

chemistry or laborious purification steps. Furthermore, the synthesized lipids contain a 

hydroxyl end group, which can be used for further functionalization.22,23 
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Clinical applications 

 

Extensive studies on the biodistribution of liposomal formulations and improved 

pharmacokinetic behavior of “stealth” liposomes have been done in numerous clinical 

tests. The best known and commercially available liposomal anti-cancer treatment, 

doxorubicin, is sold under the name Doxil™. The following table (Table 1) shows a 

selection of conventional and PEGylated liposomes for clinical usage. 

 

Table 1: Conventional and PEGylated liposomes in clinical usage: 9,21,24 

 Drug Company  Product 
name 

Indication 

Conventional 
Liposomes 

Doxorubicin Elan Myocet/ 
Evacet 

Breast cancer 

 Amphoterecin B  Astellas 
Pharma 

Ambisome Fungal infection 

 Daunomycin Gilead DaunoXome Kaposi’s sarcoma 
 Vincristine Hana 

Biosciences 
Marqibo Non-Hodgkin’s lymphoma 

PEGylated  
Liposomes 

Doxorubicin Schering 
Plough 

Doxil/ 
Caelyx 

Kaposi’s sarcoma, ovarian 
cancer 

 Cisplatin Regulon Lipoplatin Various cancer types 
 Mitoxantone  Wyeth 

Lederle 
Novantrone Multiple sclerosis, prostate 

cancer, acute myeloid 
leukemia 

 

Liposome stabilization: Alternatives to PEG 

 

PEG attached to lipids in pharmaceutical formulations has been investigated intensely, 

and these system have shown the best performance in clinical studies to date. 

Nevertheless, alternatives are being studied, since there is the hope for improved 

performance in targeting, physicochemical properties, and biocompatibility. In a recent 

review by Schubert et al. the disadvantages of PEG, such as its non-biodegradability, the 

possible degradation under stress and potential toxic side-product, were highlighted. 

Furthermore, the authors mention the hypersensitivity found in some cases, indicated 

by an activation of the complement system by PEGylated liposomes. More studies on 

the mechanism and the influence of other factors are necessary. Additionally, it has to 
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be elucidated, whether other factors or the combination of several components lead to 

side effects.25  

General requirements for an alternative to PEG are high water-solubility, i.e., 

hydrophilicity of the polymer, high biocompatibility, and flexibility of the respective 

chain.9 Among non-biodegradable polymers poly(vinyl pyrrolidone) (PVP, commercially 

available) and poly(acryl amide) (PAA) have shown prolonged blood circulation times of 

coated liposomes in vivo.26 Poly(2-oxazoline)s are studied intensely at present, since for 

this type of polymer similar behavior compared to PEG has been proven.27 Figure 3 

shows a selection of molecular structures of polymers currently considered for “stealth” 

liposome preparation.  

 

 

Figure 3: Molecular structures of polymers for “stealth” liposome preparation including 
poly(vinyl pyrrolidone), poly(acryl amide), poly(methyl oxazoline), and poly(ethylene 
glycol).  

 

In general polyethers are interesting polymers in biomedical application. Not only linear 

poly(ethylene glycol), but also hyperbranched structures are promising with regard to 

their shielding behavior in drug delivery or liposome formulations. In fact, such systems 

have been used as hydrophilic shells, micelles or hydrogels.28 Interestingly, surfaces 

covered with hyperbranched polyglycerol (hbPG) having a molecular weight around 

1500-5000 g/mol showed slightly better protein repulsion than linear PEG. Presumably, 

the branched structure makes the polymer even more bulky, and more hydrophilic due 

to the high amount of hydroxyl groups, leading to a brush-like structure.29, 30  

To date, there have been very few publications on “stealth” liposomes functionalized 

with polyglycerols. Maruyama et al. published the synthesis and investigation of 

dipalmitoylphosphatidyl polyglycerols (DPP-PG), which consisted of oligomeric linear 

polyglycerol (lPG) attached to the phospholipid via phospholipase D.31 Effective shielding 

for diglycerol or tetraglycerol was observed upon using 8 mol% incorporation of the 
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polymer-conjugate, while octaglycerol only required 4 mol% for good performance with 

respect to circulation times. The best result was found for DPP-hexaglycerol, which 

prolonged the blood circulation time, when 6 mol% were incorporated. Interestingly, 

such PG oligomers displayed improved performance in relation to linear PEG. Usually, 

PEG chains with molecular weights between 1000-5000 g/mol are used for liposomal 

formulations, and around 5-8 mol% is necessary to generate a considerable “stealth” 

effect.  

 

Polyether-based lipids: Multivalent architectures  

 

Poly(ethylene glycol) (PEG) is the most widely studied polymer for the preparation of 

“stealth” liposomes, which is due to its outstanding properties as a shielding layer 

around the vesicular carriers. Its good biocompatibility, very low toxicity as well as 

immunogenicity, low cost and facile coupling chemistry to hydrophobic molecules 

render it attractive for biomedical applications. Furthermore, its flexibility and water 

solubility are crucial for in vivo applications.32 However, as mentioned above, similar 

polyethers with different architectures exhibit the same or even better performance 

compared to PEG. In the following section we will highlight the recent work on 

polyether-based amphiphiles synthesized and characterized in our group.  

Phospholipids are sensitive molecules that are not stable under the very basic conditions 

required for the polymerization of epoxides. In general, this polymerization is an anionic 

ring-opening polymerization (ROP) of ethylene oxide (EO). Since the labile phospholipids 

are excluded under these conditions, we looked for other biocompatible options, which 

led us to bisalkyl glyceryl ethers and cholesterol as suitable initiators for the 

polymerization. These two aliphatic molecules withstand the basic ring-opening 

conditions as well as acidic conditions used for the deprotection of other epoxide 

derivatives (see Figure 4). Using a combination of ethylene oxide (EO), ethoxyethyl 

glycidyl ether (EEGE), isopropylidene glycidyl glyceryl ether (IGG), and glycidol as an 

epoxide-based construction kit, a vast variety of linear and branched architectures 

becomes available. Among them are complex structures, such as linear-hyperbranched 

amphiphiles, which combine the advantageous properties of PEG and the 
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polyfunctionality of polyglycerol.22, 33 This aspect is one of the most important 

improvements compared to conventional “stealth” liposomes: the additional hydroxyl 

groups increase water-solubility and provide the possibility for further functionalization, 

such as the attachment of markers (labeling), antibodies or targeting groups. Maximum 

biocompatibility is achieved by using cholesterol as the initiator and hbPG as a polymer 

with excellent biocompatibility.28,34- 36 

 

Synthesis of multivalent architectures 

 

The synthesis of multivalent lipids is described with cholesterol as an initiator, since the 

resulting polymer is expected to show very good biocompatibility. Cholesterol is a 

natural membrane component and also commercially available. In the lipid structures 

prepared, cholesterol can function as the membrane anchor.  

 

Figure 4: Reaction sequence for the synthesis of cholesterol initiated polyethers: Ch-
PEG, Ch-lPG, Ch-lPGG. 

 

The first step is the formation of the cholesterol alkoxides, which represent the initiator 

for the subsequent polymerization. The degree of deprotonation employed is 90% in the 

case of CsOH as the deprotonating agents. Due to the rapid proton exchange between 

cholesterol and the growing chain, almost 100% of the initiator molecules are 

incorporated into the resulting polyether amphiphile. To form the linear polymer, 
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ethylene oxide can be polymerized using the standard oxyanionic ring-opening 

polymerization technique.37 In order to obtain linear polyglycerol, protected epoxide 

derivatives such as ethoxyethyl glycidyl ether (EEGE) or isopropylidene glycidyl glyceryl 

ether (IGG) can be used. Deprotection of the acetal groups leads to one (EEGE) or two 

(IGG) hydroxyl groups per monomer unit. Using this protocol, multifunctional, linear 

polyglycerol can be synthesized in a one-pot approach (Figure 4).  

Using a two-step procedure, it is possible to tailor hyperbranched structures based on 

linear macroinitiators. Glycidol is polymerized by the ring-opening multibranching 

technique in a slow monomer addition step (Figure 5). The multihydroxy-precursor 

polymer is crucial for the “hypergrafting” of glycidol since excellent conditions and low 

polydispersities are required. Usually the degree of deprotonation is around 25%, which 

allows good control over the anion concentration and prevents homopolymerization of 

glycidol. For the slow monomer addition step a syringe pump is used, which adds the 

monomer in low concentration over a certain amount of time (around 18-24 h, 

depending on the batch size).  

 
Figure 5: Reaction sequence for the synthesis of cholesterol initiated hyperbranched 
structures (Ch-hbPG). 
 

Following the above mentioned reaction sequence, one can combine any epoxide 

derivative in the way of a molecular construction kit, permitting rapid access to 

polyfunctional lipids via ROP (see Figure 6). Random copolymerization allows for the 

synthesis of Ch-PEG-co-PGG or Ch-PEG-co-lPG using EO and IGG or EEGE, respectively. 

Additionally, linear hyperbranched structures are available via the ROP of ethylene oxide 

followed by EEGE or IGG, the deprotection step and subsequent slow monomer addition 

of glycidol onto the macroinitiator polymer. The resulting architectures show low to 

moderate polydispersities (PDI= 1.1-1.6) and can be characterized by size exclusion 
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chromatography (SEC), NMR spectroscopy or matrix assisted laser desorption/ionization 

time-of-flight mass spectrometry (MALDI-ToF MS). Furthermore, the critical micelle 

concentration (CMC) was determined to be in the range of 1.4-40.7 mg/L, depending on 

the molecular structure.33  

 

Figure 6: Possible lipid architectures available by using EO, EEGE, IGG, and glycidol for 
the ring-opening polymerization initiated by either cholesterol or bis-n-hexadecyl 
glyceryl ether.  

 

In a recent work by Kressler et al. the linear poly(ethylene glycol)30-b-hbPG24 copolymer 

was investigated in mixed layers with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC). In adsorption measurements it was demonstrated that an intense affinity of the 

amphiphilic block copolymer to DPPC is given after the injection of the polymer into the 

water subphase. The surface pressure was determined to be 48.2 mN/m, showing the 

fast penetration of the hydrophobic cholesterol into the lipid monolayer, as well as good 

interaction with DPPC. Figure 7 shows the DPPC monolayer at the air-water interface 

with the amphiphilic polymer, which is attached to the lipid layer via its cholesterol 

moiety.38 
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Figure 7: DPPC monolayer and adsorbed cholesterol moiety of Ch-PEG-hbPG to the air-
water interface. (Reproduced with permission from reference 38. Copyright 2012 
Springer Verlag.) 

 

Several multifunctional polymers have been synthesized, showing generally good 

adsorption behavior at DPPC monolayers. In future works, the properties in liposomal 

formulations in vivo will be studied. These novel coatings combine the advantages of 

PEG as well as PG and might increase liposome stability. Furthermore, it is important to 

target the vesicles, which can be easily accomplished by the functionalization of 

peripheral hydroxyl groups. Model reactions, such as the attachment of the dye 

rhodamine B by click chemistry demonstrated the utility of the branched structure.33 

The performance in blood serum is currently under investigation, and further 

experiments in vivo will be carried out in the near future.  

 

Liposome destabilization: pH-sensitive lipids with an acid-labile moiety 

 

Acid-sensitive PEG amphiphiles, such as lipids, have attracted considerable attention in 

biomedical applications, since controlled destabilization of liposomes is necessary for 

the release of the drug incorporated in the vesicular transporter. Those “stealth” 

systems are usually stable at neutral pH, which translates to stability during the 

circulation in the body, whereas destabilization is needed for the fusion with 

membranes or the escape from endosomal vesicles.39 The fusion and the release of the 

drug in slightly acidic tissue, such as tumor tissue or inflammatory tissues, can be 

realized with pH-sensitive PEG coated liposomes, where the protecting shell can be shed 
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at a pH around 6.5 for tumor tissues. One major advantage is that no external stimulus is 

required for triggering the drug release. 

In this section we would like to focus on acid-sensitive PEG lipid analogs that have been 

used for liposome preparation. Furthermore, we present very recent work that has been 

carried out in our group, which is based on an acid-labile cholesterol derivative as the 

initiator for the ring-opening polymerization of ethylene oxide.  

Different approaches have been developed to tune the pH-sensitivity of the polymer 

shell around nanoparticles or liposomes. Recently, Clawson et al. have published the 

synthesis and characterization of lipid-polymer hybrid nanoparticles with a PEG shell 

that sheds under acidic conditions. They used a lipid-(succinate)-mPEG as the 

amphiphilic polymer, which was synthesized via the coupling of 1,2-dipalmitoyl-sn-

glycer-3-phospho(ethylene glycol) and methoxy poly(ethylene glycol), endfunctionalized 

with succinate prior to the coupling step.40  

In 2003 an acid-labile poly(ethylene glycol) PEG-conjugated lipid, (R)-1,2-di-O-(1‘Z,9‘Z-

octadecadienyl)-glyceryl-3-(ω-methoxy-poly(ethylene glycolate, MW5000) (BVEP), was 

synthesized and mixed with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) in 

liposomes to investigate destabilization and membrane-membrane fusion after acid-

catalyzed hydrolysis of the vinyl ether linkages. The research group showed that PEG 

removal occurred after hydrolysis, but that it resulted in undesired payload leakage and 

liposome collapse as well.41 

Using cholesterol as the lipophilic part, Boomer et al. presented a six-step synthesis for 

the preparation of cholesterol-vinyl ether-PEG conjugates (CVEP), which degraded under 

mildly lowered pH values. Cleavage resulted in PEG removal, leading to content release 

and thus an increased bioavailability of a potent drug.42  

In our group a cholesterol derivative was used directly as the initiator for the ring-

opening polymerization of ethylene oxide (EO).43 The addition of the steroid (1) to 2-

acetoxyethyl vinyl ether (AcVE, 2) was carried out in dichloromethane, catalyzed by p-

toluene sulfonic acid, leading to acetoxyethyl 1-(cholesteryloxy)ethyl ether (3). The 

advantages of AcVE are the following: The acetate group can be used as a protection 

group and is removed under basic conditions with little effort, leading to glycol 1-

(cholesteryloxy)ethyl ether (4). Hence, the hydroxyl group, which is important for the 

oxyanionic polymerization, is liberated easily. This group is used as an alkoxide after 
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deprotonation and is structurally related to the growing chain end, which results in good 

initiation kinetics. Hence, it was possible to synthesize a scissile initiator for the 

polymerization of EO in three steps (Figure 8). The polymer (5) was characterized by 

NMR spectroscopy, SEC, and MALDI-ToF MS.  

 

Figure 8: Synthesis of the pH-sensitive cholesterol derivative for the initiation of 
ethylene oxide.  
 

The insertion of such a scissile hydrophobic unit leads to responsive materials that are 

cleaved under acidic condition leading to a loss of their amphiphilicity. This is a desired 

feature, when it comes to destabilizing the “stealth” liposomes.  

Acid-sensitivity was demonstrated as a proof of principle in a UV-Vis spectrometer. An 

aqueous solution of the scissile lipid analog was acidified by adding hydrochloric acid. 

After a while the solutions turned turbid, as the released cholesterol precipitated and 

the transmission began to decrease. Almost all light was scattered in the end, due to 

cholesterol precipitation. As expected, cholesterol was released faster at higher reaction 

temperature (T=25 °C vs. T=37 °C), as indicated by the shorter initial phase and more 

negative slope of the trace. To confirm complete removal of the steroid, a similar 

experiment was performed with the scissile cholesteryl PEG, in which the precipitated 

cholesterol and the aqueous solution were separated and 1H NMR spectra were 

recorded. A clean cholesterol spectrum was obtained, whereas the aqueous phase 

exhibited pure PEG diol. Hence, the cholesteryl initiator was released completely under 

these reaction conditions.  

This system represents a novel approach towards cleavable amphiphiles, which are 

promising for “stealth” liposome preparation. One acid-sensitive moiety can be cleaved 

resulting in biocompatible cholesterol and PEG, respectively. The molecular weight of 
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the PEG polymer chain is typically around 2000-5000 g/mol, so the polymer is small 

enough to be excreted by the kidney and be eliminated from the body. 

We believe this approach to be promising in shedding the protecting layer, and thus 

destabilizing liposomes at the site of action, where lower pH-values are present. Further 

studies are planned to synthesize acid-cleavable, hyperbranched lipids for 

multifunctional liposomes.  

 

Conclusion 

 

Many approaches have been made in the development of effective drug delivery 

systems, especially in the field of liposomes. The vesicles used as a transporter for 

hydrophilic or hydrophobic drugs suffered from several disadvantages such as low 

stability and low circulation times in vivo. One of the biggest steps towards long-

circulating liposomes was the incorporation of a biocompatible, water-soluble polymer, 

such as poly(ethylene glycol) (PEG). The improved performance of the liposomal 

formulation resulted from the stabilizing polymer shell around the vesicle, which 

protects the drug carrier and additionally prevents opsonin adsorption. These unique 

properties lead to reduced blood clearance and hence prolonged blood circulation 

times. Additionally, the enhanced permeability and retention effect (EPR) helps to 

increase drug concentration at the site of action. It is no surprise that liposomal 

formulations, with or without a polymer shell, are used in clinical applications, especially 

in cancer treatment, due to their outstanding pharmacokinetics. 

PEG coated liposomes, so-called “stealth” liposomes are applied in various treatments 

such as Kaposi’s sarcoma, breast cancer or fungal infections. Nevertheless, new 

synthetic polymers offer various advantages that may further enhance the applicability 

of “stealth” liposomes. Among these are biodegradability and multifunctionality, which 

is important for the attachment of markers and targeting moieties. In this context we 

presented new polymeric amphiphiles based on poly(ethylene glycol) and polyglycerol 

(linear and hyperbranched) that represent a new class of multifunctional lipid analogs 

with various architectures. The multiple hydroxyl groups increase aqueous solubility of 

the polymer and offer the possibility for effective targeting through further 
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functionalization. In addition, the degradability of acid-sensitive Ch-PEG polymers was 

discussed, in contrast to chemically inert PEG, resulting in possible destabilization of the 

“stealth” liposome in the acidic tumor tissue or acidic endosomes. The desired 

destabilization is still one of the key tasks that remain problematic in liposome research. 

Regarding the advantages of the hyperbranched lipids, we believe that this class of lipids 

is promising with respect to drug delivery and “stealth” components. Investigations on 

the stealth effect in vivo, as well as monolayer studies, are currently examined.  
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Abstract 

 

Polyglycerols (sometimes also called “polyglycidols”) represent a class of highly 

biocompatible and multihydroxy-functional polymers that may be considered as a 

multifunctional analogue of poly(ethylene glycol) (PEG). Various architectures based on 

a polyglycerol scaffold are feasible depending on the monomer employed. While 

polymerization of glycidol leads to hyperbranched polyglycerols, the precisely defined 

linear analogue is obtained by using suitably protected glycidol as a monomer, followed 

by removal of the protective group in a postpolymerization step. This review 

summarizes the properties and synthetic approaches toward linear polyglycerols (linPG), 

which are at present mainly based on the application of ethoxyethyl glycidyl ether 

(EEGE) as an acetal-protected glycidol derivative. Particular emphasis is placed on the 

manifold functionalization strategies including, e.g., the synthesis of end-functional 

linPGs or multiheterofunctional modifications at the polyether backbone. Potential 
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applications like bioconjugation and utilization as a component in degradable 

biomaterials or for diagnostics, in which polyglycerol acts as a promising PEG substitute 

are discussed. In the last section, the important role of linear polyglycerol as a 

macroinitiator or as a highly hydrophilic segment in block co- or terpolymers is 

highlighted. 

 

1. Introduction 

 

Poly(ethylene glycol) (PEG) is employed in a vast range of areas, including detergents, 

cosmetics, paper coating, polyurethanes, textile modification, construction chemistry, 

and for an immense variety of pharmaceutical applications.1 The reason for this 

exceptionally broad establishment in so many fields of application lies in the unique 

properties of PEG.2-4 Different from most other synthetic polymers, PEG is soluble in 

both water and in a variety of organic solvents. PEG is highly biocompatible, nontoxic, 

shows hardly any immunogenicity and possesses antifouling properties. Once 

conjugated to a drug or protein (PEGylation),5-7 PEG imparts a pronounced “stealth” 

effect and leads to an increase in the hydrodynamic radius of the respective hybrid 

structure, thereby drastically improving pharmacokinetics. However, some drawbacks 

need to be mentioned: (i) as a linear polyether, PEG only bears a maximum of two 

functional groups, which limits possibilities for derivatization, e.g., for the attachment of 

targeting or imaging residues; (ii) oligo(ethylene glycol)s up to a molecular weight of 

400 g∙mol-1 have been found to be toxic due to enzyme-catalyzed oxidation processes; 

(iii) possible hypersensitivity reactions are controversially discussed for PEG conjugated 

drugs at present and (iv) there are some reports about the complement activation by 

different molecular weight PEGs as well as rapid clearance from the bloodstream after 

repetitive injection of PEGylated liposomes.3  

In recent years, polyglycerols (also known as “polyglycidols”) are increasingly recognized 

as a structurally similar, albeit multihydroxy-functional alternative to conventional PEG 

(Figure 1). 
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Figure 1. Chemical structures of poly(ethylene glycol) (PEG), linear polyglycerol (linPG) 
and hyperbranched polyglycerol (hbPG). This review focuses on synthetic procedures, 
functionalization possibilities and potential applications of linPG (middle). 

 

It is a remarkable feature of the chemistry of glycidol and its protected derivatives that a 

plethora of different architectures ranging from linear to hyperbranched or even more 

complex structures are accessible, depending on the monomer and synthetic strategy 

applied. By using glycidol as a latent AB2 monomer, hyperbranched polyglycerol 

scaffolds can be obtained via cationic or anionic polymerization. The synthetic pathways 

and properties of hyperbranched polyether polyols like polyglycerol (hbPG) have 

recently been reviewed in depth.8-10 The branching reaction of glycidol during the 

polymerization process can be effectively prevented by protecting the hydroxyl function. 

This strategy gives access to versatile and precisely defined architectures from linear 

structures to comb-like or even more complex structural designs (Figure 2). 

In contrast to hbPG, the application of protected glycidol monomers allows the 

incorporation of exactly one discrete end-functionality, while for hbPG the number of in-

chain functional groups usually only averages the targeted value. In this context, some 

peculiar aspects concerning linear polyglycerol (linPG) have recently been highlighted.3, 4, 

11, 12 In this review article, we aim at a comprehensive summary of the state of the art in 

this area. 

Compared to PEG, the resulting water-soluble linPG exhibits a similar or even slightly 

superior biocompatibility profile.13-15 No significant effects on coagulation, complement 
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activation or cell viability have been observed to date. In fact, esters of oligoglycerols 

with a degree of polymerization up to 10 and considerable polydispersity both in 

molecular weight and structure were approved by the American Food and Drug 

Administration (FDA) as food and pharmaceutical additives and have been used for 

these purposes for several decades.3, 16 

Antifouling properties of linPGs employed for surface modification were intensively 

studied by Haag and co-workers and were found to be similar to PEG. The authors 

demonstrate that the adsorption of proteins, cells, or bacterial strains (compare Figure 

3) significantly decreases with increasing degree of polymerization of linPGs (DPn = 10 or 

16) or poly(glycidyl methyl ether) (P(GME)) (DPn = 6, 10, or 16) as the fully methylated 

analogue attached to a model surface.17-19 A minimum molecular weight of around 

1000 g∙mol-1 of the polyglycerol derivatives is described to provide efficient biorepellent 

properties.18 Computational entropy estimations for PEG, linPG, and P(GME) were 

suggested by the authors to give insight into the underlying protein repellent 

mechanism.20 The studies revealed a slightly higher flexibility of PEG chains compared to 

linPG or P(GME). Unfortunately, no significant conclusion could be drawn, as to whether 

an interfacial water layer or chain flexibility of the polymers attached determines the 

degree of protein resistance.  
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Figure 2. Overview of the vast topological variety available based on linPG building 
blocks. 
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Figure 3. Protein adhesion and antifouling properties of linear polyglycerol on a PG-
model surface. 
 
Although the chemical structures of PEG and linPG are quite similar (Figure 1), the 

thermal properties of the linear polyethers differ drastically. PEG is a highly crystalline 

material with melting points up to about 63 °C for elevated molecular weights > 

20.000 g∙mol-1.1, 21 In contrast, the dense packing of the polyether chains is disturbed for 

linPG due to the additional hydroxyl group per monomer unit, and the atactic nature of 

the polymer resulting in (highly) viscous and amorphous structures. It is interesting to 

note that studies on the synthesis of linPGs with controlled stereochemistry and tacticity 

have only been sparsely reported in the literature,22, 23 rendering this an almost 

neglected field at present. Glass transition temperatures (Tg) ranging from -8 °C to -27 °C 

for varying molecular weights have been mentioned occasionally,23-26 however, it is 

surprising to note that no systematic investigation of the influence of molecular weight 

and initiator on the thermal properties of linPG has been published to date. A slightly 

higher thermal and oxidative stability has been claimed for hyperbranched polyglycerols 

in comparison to PEG.27 For linPG, studies on the thermal degradation are rare, with the 

degradation of a single sample being reported to start at temperatures exceeding 

250 °C.25  
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Although PEG is water-soluble in a broad temperature range, thermoresponsive 

behavior is observed at elevated temperatures, depending on molecular weight and 

concentration.28 In the case of linPGs, a lower critical solution temperature (LCST) can be 

induced by hydrophobic modification of the hydroxyl groups. Examples for this kind of 

derivatization are given in section 3.3.1.  

 

2. Synthetic Strategies for linPG 

 

Ethylene oxide (EO) as the monomer of choice for the synthesis of PEG is industrially 

prepared on a large scale by epoxidation of ethene. Therefore, one major advantage of 

PEG is its commercial availability in a broad range of molecular weights that permits to 

tailor properties such as solubility and melting point for a specific application. For linPGs, 

at present only the low molecular weight oligomers diglycerol and triglycerol can be 

purchased, however, usually containing cyclic or branched components. LinPGs can be 

prepared from protected glycidol derivatives (glycidyl ethers) via oxyanionic ring-

opening polymerization. The commonly applied glycidyl ethers are liquids, which 

renders the experimental procedure more facile compared to the use of the gaseous 

and highly toxic EO. The most commonly used monomers for the synthesis of linPG are 

illustrated in Figure 4. 
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ter t-butyl glycidyl ether

tBGE

allyl glycidyl ether
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isopropylidene glyceryl
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O

O
Si

trimethylsilyl
glycidyl ether

TMSGE

Figure 4. Typical monomers for the synthesis of linear polyglycerol (linPG) structures. 

While the monomers trimethylsilyl glycidyl ether (TMSGE), ethoxyethyl glycidyl ether 

(EEGE), tert-butyl glycidyl ether (tBGE), and allyl glycidyl ether (AGE) lead to linear 

polyglycerols after deprotection, isopropylidene glyceryl glycidyl ether (IGG)30 (Figure 4, 

right) provides linear polyglycerols with additional pendant glycerols in each repeating 

unit, poly(glyceryl glycerol), offering additional options for functionalization. 
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Although tBGE and AGE are commercially available, EEGE is most frequently used for the 

preparation of linear PG due to the facile removal of the acetal protecting group under 

mild acidic conditions. EEGE can be prepared as described by Fitton et al.29 by the 

reaction of glycidol and ethyl vinyl ether. IGG,30 recently introduced by our group, gives 

access to interesting linear polyglycerol structures with pendant glycerol units providing 

vicinal 1,2-diols after removal of the acetonide protecting group. Typical polymerization 

procedures and general mechanisms for epoxide polymerization have recently been 

summarized in an excellent review by Carlotti et al..31 Therefore, only synthetic 

strategies applicable to the synthesis of linPG will be discussed in this review. 

First attempts to obtain linPG were reported already in 1968, using mainly TMSGE or 

tBGE as monomers.22, 23, 32-34 In particular, the polymerization of TMSGE has been 

studied to a large extent. While under base catalysis only low molecular weight 

oligomers were obtained due to the instability of the TMS protecting group, 

coordination polymerization led to higher molecular weight polymers. However, control 

of the molecular weight was not possible using coordination-type initiators. In 

groundbreaking work, Taton et al. reported the first successful anionic ring-opening 

polymerization of EEGE with molecular weights up to ≈ 30 000 g∙mol-1 (Mw/Mn = 1.38 – 

1.89 for CsOH as initiator).35 Using potassium or cesium alkoxides as initiators for the 

polymerization of EEGE, Dworak et al. synthesized a series of well-defined linPGs with 

narrow polydispersities (Mw/Mn < 1.20).36, 37 Starting from the as-synthesized linPG, they 

were also able to prepare advanced high molecular weight (Mn > 1 800 000 g∙mol-1) graft 

on graft structures by repeating sequential grafting cycles consisting of deprotonation, 

polymerization of EEGE and removal of protecting groups.38 Expanding this work, Möller 

and co-workers described the synthesis of star-shaped linPGs by using di(trimethylol 

propane) as a multifunctional initiator for the polymerization of EEGE.39 These 

increasingly complex architectures will be further discussed in section 4. 

To date, several low molecular weight initiators including potassium tert-butoxide (t-

BuOK),36, 37, 40, 41 potassium 3-phenyl propanolate (PPOK),39, 41, 42 alkoxy ethanolates,43, 44 

potassium methoxide (MeOK)43, 45 or BuLi/phosphazene base (Li+/t-BuP4)41 have been 

successfully applied to polymerize EEGE in a controlled manner (Scheme 1). 
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Scheme 1. Anionic ring-opening polymerization of EEGE followed by acidic deprotection 
of the acetal protecting group. 

 

In an interesting work by Möller, Keul et al. homo- and random copolymers of EEGE, 

tBGE and AGE have been prepared by anionic ring-opening polymerization, and the 

authors studied selective removal of the protecting groups.42 In this work, the authors 

developed an elegant synthetic strategy for the introduction of orthogonal protecting 

groups at the polyglycerol backbone. A schematic overview of the deprotection of the 

respective copolymers is given in Scheme 2. While exclusive deprotection of the acetal 

protecting group in P(EEGE-co-AGE) was successful, complete cleavage of protecting 

groups was observed for P(EEGE-co-tBGE) upon treatment with HCl. Deprotection of the 

tert-butyl protecting groups with trifluoroacetic acid (TFA) was selective for P(tBGE-co-

AGE), but resulted also in linPG for P(EEGE-co-tBGE) copolymers. During deprotection, a 

few hydroxyl groups were esterified by TFA. Allyl protecting groups were selectively 

cleaved by treatment with Pd/C and para-toluenesulfonic acid (pTSA); however, partial 

hydrolysis of the acetal moieties in P(EEGE-co-AGE) was observed. 

Complete deprotection of both P(AGE), P(EEGE), and P(tBGE) homopolymers renders all 

of the protected glycidyl ethers suitable as precursor polymers for linPG. Unexpectedly, 

in case of the homopolymers removal of the tert-butoxy group was not possible under 

the conditions used for the deprotection of P(EEGE). In a follow-up work, the same 

group described the selective deprotection of block copolymers of EEGE and tBGE, 

claiming a strong influence of the polymer microstructure on the stability of the 

protecting groups.11,46  
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Scheme 2. Removal of orthogonal protecting groups in glycidyl ether copolymers,42 
leading to partially functionalized linear polyglycerols. 

 

Despite the narrow molecular weight distribution obtained for the low to moderate 

molecular weight linPGs, a limitation in molecular weight to ≈ 30 000 g∙mol-1 for 

protected P(EEGE) was observed, which translates to a degree of polymerization (DPn) of 

≈ 200.35, 41, 47 This limitation is explained by a chain transfer reaction between either the 

propagating chain or the initiator oxyanion and EEGE. During this chain transfer reaction 

(Scheme 3), a proton is abstracted from the methylene group adjacent to the oxirane 

ring, leading to the formation of an allyl alkoxide. This side reaction is also known in an 

analogous manner for other monosubstituted epoxides, e.g., propylene oxide or phenyl 

glycidyl ether.31 

O

OO

B
HH

OO O

- HB

 

aB = propagating polymer chain or initiator. 

Scheme 3. Proton abstraction from an EEGE monomer by a strong base (B = propagating 
polymer chain or initiator) leading to chain transfer reactions.41 
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The influence of the reaction temperature, initiator and counterion on the EEGE 

polymerization has also been investigated by Keul, Möller, and co-workers.41 The side 

reaction was described to become more pronounced for higher monomer to initiator 

ratios and for higher temperatures. A significant decrease of the transfer reaction was 

observed by lowering the temperature from 120 to 60 °C in polymerizations initiated 

with PPOK. However, for Li+/t-BuP4 as an initiating system, side reactions could not be 

prevented even in polymerizations performed at 20 °C. The high basicity of sec-BuLi and 

the phosphazene base itself are most likely responsible for this side reaction.41 

Consequently, it is generally assumed that in order to achieve high molecular weight 

polyethers, the active chain end has to exhibit high nucleophilicity to exert efficient ring-

opening of the epoxide, but also low basicity to avoid proton abstraction and chain 

transfer. 

As a first concept on the way to high molecular weight linPGs, the application of partially 

hydrolyzed diethylzinc (ZnEt2/H2O) as a catalyst was introduced. Scientists in the 1960s 

and 1980s already made use of this system to obtain the first high molecular weight 

linPGs by polymerization of TMSGE, as confirmed by high intrinsic viscosity.22, 33 This was 

later adopted by Dworak and co-workers for the polymerization of EEGE. After 

deprotection, high molecular weight linPGs were obtained with Mn up to 1 000 000 

g∙mol-1, however, accompanied by a loss of control over molecular weight and broader 

molecular weight distributions (Mw/Mn = 1.46 – 1.80),48-50 owing to the little controlled 

catalytic process. 

Utilization of a calcium amide-alkoxide catalyst in heptane resulted in P(EEGE)s with high 

molecular weights up to 180,000 g∙mol-1, however, polydispersities were even higher 

(Mw/Mn = 3.4-4.5) and only a maximum conversion of 52% was achieved.51 

Important progress was achieved by Deffieux, Carlotti, and co-workers. Their strategy 

involves the activation of the monomer toward nucleophiles as well as a reduction of 

the basicity of the growing chain end by coordination of triisobutyl aluminum (i-Bu3Al) 

(Scheme 4).52-54 Both alkali metal alkoxides and ammonium salts (R4N+X-) have been 

used as initiators. Ammonium salts lead to improved control of molecular weights and 

polydispersity. Within the range of ammonium salts, longer alkylene chains were found 

to increase monomer reactivity and polymerization rate.55 Since especially a 

combination of i-Bu3Al and ammonium salts was shown to significantly suppress the 
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transfer reaction of protons adjacent to the oxirane ring, this concept was also 

transferred to the polymerization of EEGE and tBGE to yield well-defined high molecular 

weight linPGs with impressive molecular weights up to 85 000 g∙mol-1.56-58 For more 

details, see section 3.1.1. 
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Scheme 4. Polymerization of oxiranes by X-Al(i-Bu)3/NR4
+ catalysts. 

 

In contrast to the aforementioned chain growth mechanisms, low molecular weight 

linear oligoglycerols have been prepared as perfectly monodisperse oligomers by various 

multistep syntheses.59, 60 

 

3. Heterofunctional linear polyglycerol 

 

This section deals with versatile modification reactions leading to heterofunctional 

linPG. Polyglycerol bearing a variety of different functionalities can be obtained by a 

multitude of synthetic strategies comprising initiation by a functional molecule, end-

capping with an appropriate reagent or postpolymerization modifications, transforming 

either the hydroxyl groups at the polymer backbone or the α- and/or ω-positions. In the 

ensuing paragraph, approaches leading to α- and/or ω-functional linPGs are discussed. 

As a special type of end-functional polymers, polyglycerol-based macromonomers are 

considered as precursors for highly functional graft copolymer structures and polymer 

brushes in the second paragraph. The third paragraph describes polymer modifications 

by reacting pendant hydroxyl groups at the backbone of linPG. Random 

copolymerization of functional glycidyl ethers with EO will not be part of this Review as 

such strategies have been highlighted recently by our group.61,62 
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3.1 End-functional linPGs 

 

End-functional polymers can either be prepared by using a suitable functional initiator or 

by efficient termination reactions.  

3.1.1 Functional initiators for the synthesis of linPG 

The introduction of functionalities via specifically designed initiators presents an elegant 

synthetic pathway toward completely end-functionalized polymers. However, for the 

anionic ring-opening polymerization as the most common method for the preparation of 

linPG, the applied initiator has to tolerate the harsh, basic conditions at elevated 

temperature without being subject to side reactions. A large number of heterotelechelic 

polyethers containing, e.g., –OH, -NH2, -COOH, -CHO or -SH moieties has been 

developed in the last decades. For PEG oligomers, various synthetic strategies have been 

highlighted by Thompson et al.,63 and a general overview was given recently by Carlotti 

and co-workers.31 We will focus on functional groups introduced in linPG structures. The 

introduction of single amino groups in polymer chains has attracted enormous interest 

in the past, since amino groups are versatile functionalities for the attachment of 

biomolecules or conjugation chemistry in general. For a highly functional polymer like 

polyglycerol, the introduction of selectively reacting moieties is crucial to avoid side 

reactions during the conjugation step. In recent years, some approaches have been 

developed to attach one single amino group at the chain end of both linear and 

hyperbranched polyglycerol.18,19,64 Most of them rely on the utilization of protected 

amine-containing initiators for the anionic ring-opening polymerization of glycidyl 

ethers. Protecting groups are usually cleaved by catalytic hydrogenation, thereby 

offering an orthogonal modification to the acid-labile acetal in EEGE. In an elegant work 

published by Klok et al., amine-initiated polyglycerols of varying architectures were 

prepared via anionic ring-opening polymerization of EEGE. By using a methoxybenzyl-

protected aminoethanol or serinol initiator, linear polyglycerols containing an end- or 

midchain amino functionality were obtained. After removal of both the methoxybenzyl 

and acetal protecting groups, the monoamino- and multihydroxy-functional 

polyglycerols were conjugated to various proteins (bovine serum albumin and lysozyme) 

via selective squaric acid coupling (see Figure 5).64 This renders a “PGylation” with linPG 
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feasible, in analogy to the widely employed PEGylation strategy that is currently used for 

a wide range of proteins to prolong circulatory time by reducing renal clearance. 

PGylation is a promising strategy with respect to therapeutic proteins and can permit to 

combine the well-known “stealth” effects of polyether chains with additional functional 

groups for targeting. 

Similar to PEG, polyglycerol layers have been found to prevent undesired protein 

adsorption on surfaces. Haag and co-workers applied amino-functional linPGs for the 

modification of several surfaces (gold and glass), thereby providing highly biorepellent 

coatings. The polymers were prepared utilizing an N,N-dibenzyl-protected 

aminopropanol initiator to synthesize well-defined α-amino linPGs or P(GME)s via 

anionic ring-opening polymerization of EEGE or glycidyl methyl ether (GME). After 

subsequent palladium-catalyzed hydrogenation of the benzyl protecting groups, the 

monoamino-functional polyethers (Mn = 600–1500 g∙mol-1) were used as hydrophilic 

coatings for anhydride-functionalized gold surfaces.18  

 

Figure 5. Summary of anionic ring-opening approaches targeting amino-functional linear 
polyglycerols for surface modification and bioconjugation developed by Haag et al. and 
Klok et al., respectively18, 19, 64 (SADE = squaric acid diethyl ester). Adapted in part from 
ref 19. Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. With 
permission from John Wiley and Sons. 

http://en.wikipedia.org/wiki/Renal
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In a follow-up work, these amino-functional precursor polymers were reacted with 

3-(triethoxysilyl)propyl isocyanate forming a stable urea bond. The triethoxysilyl moiety 

served as a strong anchoring unit for the covalent attachment to glass surfaces.19 

Pronounced biorepellent behavior similar or even superior to PEG was described for 

both gold and glass surfaces coated with these linear polyethers. An overview of amino-

functional linPGs synthesized via anionic ring-opening polymerization (AROP) and their 

use for surface modification and bioconjugation is given in Figure 5. In contrast to the 

above-mentioned straightforward approaches using an amine-functional initiator, 

amine-containing and truly monodisperse oligoglycerols (up to trimers) were also 

prepared via a multistep synthesis and their antifouling properties on gold surfaces were 

compared to different polyglycerol or P(GME) architectures.17 

Besides amines, other functional groups have proven to be beneficial for the 

immobilization of polymers on various surfaces. Thiols show high affinity towards gold 

surfaces and have therefore been used as popular linkers in surface chemistry.65 

However, they have only very sparsely been reported for the end-functionalization of 

linPGs. Weinhart et al. described the synthesis of thiol-functional linPG by applying 11-

benzylthio-undecanol as an initiator for the anionic ring-opening polymerization of EEGE 

or GME.18 Deprotection of the thiol was carried out under careful exclusion of oxygen by 

using sodium in liquid ammonia/THF. The final thiol-functional PGs were deposited on 

gold surfaces to obtain biorepellent coatings (Figure 3). 

Almost universal adhesion can be induced by the incorporation of catechol units into 

polymer structures.66, 67 Catechols are a widespread constituent in naturally occurring 

molecules like neurotransmitters, polyphenols or amino acids. Especially, the 

nonessential amino acid L-DOPA has been found to be a major component in marine 

mussels and to be responsible for their intriguing adhesion properties.66 Intense effort 

has been taken to make use of these properties in a variety of polymer architectures in 

biomimetic approaches.67  
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Figure 6. Overview of catechol initiated polyether structures including a selective 
deprotection step for EEGE under maintenance of the catechol acetonide protecting 
group. The catechol-bearing polyethers present suitable candidates for the hydrophilic 
coating of metal oxide nanoparticles.68 
 

Very recently, our group developed a catechol-based initiator (Figure 7) allowing for the 

synthesis of a large variety of catechol-functional polyether structures by anionic ring-

opening polymerization.69 This initiator has also been used for the synthesis of well-

defined linear and hyperbranched polyglycerols with a single catechol moiety 

(Figure 6).68 Selective binding of the catechol moiety to manganese oxide (MnO) 

nanoparticles despite the presence of a large number of hydroxyl groups derived from 

the polyglycerol backbone has been demonstrated for both linear and hyperbranched 

catechol-initiated polyglycerols. Efficient dispersion of MnO nanoparticles in aqueous 

solution was observed for different types of hydrophilic polyethers, rendering them 

suitable as contrast agents for magnetic resonance imaging.68, 69 Toxicity studies 

revealed high biocompatibility for all polyether-coated MnO nanoparticles up to a 

concentration of 50 µg∙mL-1.70 The concept relies on the “grafting-to” strategy of 

prefabricated PG blocks and can be applied to a broad range of nanoparticles and 

surfaces to impart water solubility and also antibiofouling properties. 
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Figure 7. Nonconventional initiators used for the synthesis of linPG. 

Only few examples of functional initiators have been described that can be applied in 

oxyanionic ring-opening polymerizations without further protection steps. Among them, 

cholesterol as an essential structural component of the lipid bilayer in cell membranes is 

a valuable building block for the synthesis of amphiphilic architectures. Due to its 

inherent hydroxyl group, the readily available cholesterol can be used without further 

modification (Figure 7).71 Anionic ring-opening approaches making use of cholesterol as 

an initiator have been studied intensively by our group. As a rather simple structure, 

cholesterol-initiated linear polyglycerol has been prepared by polymerizing EEGE and 

subsequent acidic cleavage of the acetal-protecting groups.72 For a series of molecular 

weights, liquid crystalline order was observed in a broad temperature range up to 

260 °C. Remarkably, the incorporation of a single cholesterol led to ordering of the 

usually amorphous linPG chains with up to 26 glycerol units.73 More complex linear-

hyperbranched architectures using cholesterol as an initiator have also been realized via 

so-called “hypergrafting” strategies and will be discussed in section 3.3.3 together with 

potential applications. 

Besides functional initiators that are capable of undergoing derivatization reactions, 

supramolecular, complex polymer structures assembled by host-guest interactions are 

of great interest. For this purpose, adamantyl methanol-initiated polyglycerols have 

been recently developed by our group (Figure 7).74 Induced by the hydrophobic 

adamantyl residue, these slightly amphiphilic linear, hyperbranched, or linear-

hyperbranched polyether polyols can form an inclusion complex with the hydrophobic 

cavity of cyclodextrin. Complex supramolecular graft copolymer structures comprising a 
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cyclodextrin-functional poly(methacrylate) backbone and supramolecularly linked 

polyglycerol side chains have been prepared and analyzed by isothermal titration 

calorimetry, demonstrating the effect of a PEG-spacer on the assembly.74 

The synthetic strategy developed by Deffieux and co-workers including the monomer-

activated anionic polymerization of EEGE or tBGE (see section 2) also leads to highly end-

functional linPGs. The employed tetraoctylammonium bromide and i-Bu3Al initiator-

catalyst system provides well-defined polyethers bearing a single bromine atom in their 

α-position.57, 58 In another work, the authors showed that ammonium salts containing 

pseudo halogens can also efficiently be used as initiators in combination with i-Bu3Al. α-

Azido-functional polyethers including poly(alkylene oxide)s, poly(epichlorohydrin), and 

poly(EEGE) were prepared by using tetrabutylammonium azide/i-Bu3Al as the catalyst in 

a one-step approach. A high degree of α-functionalization was indicated by matrix 

assisted laser desorption/ionization time-of-flight (MALDI-ToF) measurements,56,58 and 

the azide functionalities were successfully reacted with alkyne-containing compounds in 

a copper-catalyzed azide-alkyne cycloaddition (CuAAC). 

 

3.1.2 End-functional linPGs via end-capping 

Due to the living character of anionic polymerizations, oxyanionic ring-opening 

polymerization is a well-established method for the synthesis of well-defined end-

functional polyethers via the end-capping technique.166 

Möller et al. described the synthesis of vinylsulfonate-functional linear and star-shaped 

polyglycerols by reacting ω-hydroxy-functional protected polyglycerols with 2-

chloroethylsulfonyl chloride. The attached vinyl sulfonate was found to react efficiently 

with various amines or alcohols, but not with thiols.75, 76 In an approach by our group, 

linPGs or poly(glyceryl glycerol) bearing one single alkyne moiety in the ω-position have 

been synthesized by end-capping living polymer chains with propargyl bromide.44 Similar 

to the aforementioned azide-functional polyethers prepared by Carlotti and co-

workers.56, 58 the structures present promising precursors for complex architectures via 

click-reaction. Another approach by Kuckling et al. includes esterification of the ω-

hydroxyl group by 2-halogenopropionyl halides, offering linPG macroinitiators for the 

formation of block copolymers by atom transfer radical polymerization (ATRP).47 End-

capping reactions of polyglycerols have also been applied to introduce polymerizable 
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styrene or methacrylate residues. The synthesis of these macromonomers will be 

discussed in the next paragraph. 

 

3.2 Macromonomers based on linear polyglycerol 

 

Polyglycerol-based macromonomers have been prepared via strategies described in the 

following. Common preparation techniques for macromonomers include the “end-

capping method” and the “initiator method”. In the end-capping approach, an activated 

chain end is reacted with a polymerizable end-group, while in the “initiator method”, 

the polymerization is initiated by the polymerizable unit of the macromonomer. In one 

of the pioneering works, Dworak and co-workers described end-capping of living 

P(EEGE) chains with p-chloromethylstyrene to obtain ω-vinylbenzyl-functional 

macromonomers.36,37 The resulting acetal-protected macromonomers were 

copolymerized with styrene in a free radical polymerization and deprotected to afford 

polystyrene-graft-linPG copolymers. However, a maximum conversion of only 65% of 

the macromonomer was observed. Higher conversions (up to 85%) were achieved when 

the deprotected macromonomers (ω-vinylbenzyl-polyglycerol) were used as “surfmers” 

(surfactant and monomer) in an emulsifier free emulsion polymerization with styrene to 

obtain hydrophobic styrene microspheres with a hydrophilic polyglycerol corona 

(Figure 8).  

 

Figure 8. Scanning electron microscope microphotograph of poly(styrene/ω-vinylbenzyl-
polyglycerol) microspheres.77 Reproduced from ref 77. Copyright 2001 Springer-Verlag. 
With kind permission from Springer Science and Business Media.  
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These microspheres were later intensively investigated by Basinska and Slomkowski et 

al. Results on the composition and properties of the polyglycerol surface77-83 as well as 

studies on protein adsorption77,84 and potential biomedical applications85-88 of the 

microspheres have been discussed at full length in a recent publication.89 As a cleavable 

alternative to the ether-bound styrene functionality, the end-capping technique can also 

be applied to prepare polyglycerol-based macromonomers bearing one terminal 

methacrylate function covalently linked via an ester bond. This was accomplished both 

by our group and Haag et al.43, 45 In our work, a straightforward one-pot approach is 

described.43 EEGE was polymerized from alkoxide initiators (Figure 9) to obtain well-

defined precursor oligomers. The living chain ends were directly end-capped by the 

sequential addition of excess triethylamine and methacrylic anhydride to the reaction 

mixture. Homopolymerization of the narrowly distributed macromonomers 

(Mw/Mn < 1.30) by ATRP and subsequent deprotection resulted in water-soluble and 

well-defined graft copolymers (Mw/Mn < 1.31) containing a methacrylate backbone and 

densely grafted oligoglycerol side chains. Due to steric crowding, the conversion in 

homopolymerization was limited to 65% but could be increased by the addition of 

different amounts of the sterically less demanding hydroxy ethyl methacrylate (HEMA) 

as a comonomer.  

In various multistep protocols, Haag and co-workers synthesized a variety of 

oligoglycerol (meth-)acrylates, ranging from linear oligoglycerol methacrylate or 

oligo(GME) methacrylates to dendronized oligoglycerol acrylates.45 Linear oligoglycerol 

methacrylates or oligo(GME) methacrylates were also prepared via anionic ring-opening 

polymerization of EEGE or GME. However, the precursor polymers were purified before, 

in a second reaction step, the terminal hydroxyl group was reacted with methacryloyl 

chloride. After deprotection, both linear and dendronized macromonomers were 

polymerized by ATRP from initiators attached to gold surfaces. Antifouling properties of 

the oligoglycerol brushes were determined and compared to brushes prepared of low 

molecular weight glycerol methacrylate. An overview of the end-capping approaches 

reported to date is given in Figure 9. 
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Figure 9. Summary of the synthetic protocols developed for the preparation of 
macromonomers based on linear polyglycerol via the end-capping technique.37, 43, 45 

The incorporation of a radically polymerizable group into the multihydroxy-functional 

polyglycerol structure also gives access to highly functional surface coatings. In a recent 

work by Carbonnier, Basinska, and Chehimi et al., the aforementioned ω-vinylbenzyl-

polyglycerol macromonomers were grafted from modified gold or stainless steel 

surfaces, leading to a strong increase in the wettability of the surfaces. Protein 

adsorption was investigated and found to be reduced for surfaces grafted with ω-

vinylbenzyl-polyglycerol macromonomers compared to surfaces bearing only the 

initiator or for poly(hydroxyethyl methacrylate)-grafted surfaces.90  

A different synthetic strategy was published by Keul and Möller et al., who described the 

anionic ring-opening polymerization of EEGE and glycidol, respectively, initiated by 

vinylic initiators.91 A variety of initiators including vinyl benzyl alcohol (VBA), N-(2-

hydroxyethyl)-methacrylamide (HEMAm), N-(2-hydroxyethyl)-acrylamide (HEAAm), 

HEMA, and allyl glycol were deprotonated by the addition of potassium tert-butoxide, 

and the oxirane monomers were polymerized in the presence of hydroquinone as a 

radical stabilizer. As expected, for HEMA and HEAAm as initiators no controlled 

polymerization of epoxides was observed due to backbiting and the high reactivity of the 

acrylate double bond. Unexpectedly, no initiation by the hydroquinone stabilizer was 



1.2 Linear Polyglycerol as a Multifunctional Polyether for Biomedical Applications 
 

59 

observed by the authors. The resulting macromonomers prepared with VBA and 

HEMAm were utilized in copolymerizations with low molecular weight comonomers. 

However, only rather low molecular weights for the resulting graft copolymers ranging 

from 1700 g∙mol-1 to a maximum of 15 800 g∙mol-1 were detected by SEC measurements.  

Similar to the works by Basinska, Slomkowski et al., these VBA-initiated oligoglycerols 

(either branched (b) or linear (lin)) were also used as “surfmers” in the emulsion 

polymerization of styrene to form polystyrene particles with a hydrophilic polyglycerol 

periphery.92 Amphiphilicity of the macromonomers was found to be a key parameter 

concerning polymerization rates. This is in analogy to other reports describing an 

improved and accelerated polymerization for PEG-based amphiphilic macromonomers 

due to micellar preorganization in water.93-95 A similar micellar polymerization process 

was described for amphiphilic polyglycerol-based macromonomers by Kuckling and 

Dworak et al.96, 97 The respective macromonomers were prepared via the end-capping 

technique using block copolymers of hydrophilic glycidol (acetal-protected precursor) 

and hydrophobic glycidyl phenyl ether. 

A different, more general concept for the preparation of amphiphilic polyether polyol-

based macromonomers via anionic ring-opening polymerization and click-chemistry was 

recently introduced by our group.44, 98 In a copper-catalyzed azide-alkyne cycloaddition, 

well-defined, monoalkyne-functional linPG and P(GG) hydrophilic precursors were 

reacted with azido alkyl methacrylates of variable spacer lengths. By varying both the 

block length of ω-alkyne-functional polyether polyols and the hydrophobic alkylene 

spacer, a set of macromonomers with tunable amphiphilicity was obtained. 

Polymerization of the amphiphilic macromonomers resulted in high molecular weight 

graft copolymers. For polyglycerol-based macromonomers conversion decreased for 

longer polyglycerol chains, whereas increasing the length of the alkylene spacer from 

propylene to more flexible hexylene or undecanoylene resulted in a significant increase 

to near quantitative conversion.44, 98 

 

3.3 Backbone functionalization of linear polyglycerol 

 

This section presents the synthetic routes for the functionalization of the multiple 

hydroxyl groups at the linPG backbone. The pendant hydroxyl groups can either be 
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addressed in postpolymerization reactions using low molecular weight reactants or 

serve as a macroinitiator in “grafting-from” approaches aiming at different architectures, 

such as brush-like or grafted hyperbranched structures. 

 

3.3.1 Hydrophobic and hydrophilic functionalized linear polyglycerol 

The hydroxyl moieties of linear polyglycerol can be converted into various functional 

groups like ethers,42, 73 esters,99, 100 urethanes,46, 101, 102 or carbonates103 (see Figure 10), 

which are described in more detail below. Chau and co-workers presented a library of 

homofunctional and heterofunctional derivatives of linear polyether polyols including 

allyl, alkynyl, acyl and azide groups as orthogonal precursors for the attachment of, e.g., 

drugs and biomolecules.104 

The simplest method to functionalize linPG and thereby tune the polarity is the 

methylation of the pendant hydroxyl groups of the polyether backbone. By using methyl 

iodide, for example, the interaction of the hydroxyl groups can be “switched off”, which 

is useful for studying the importance of hydrophilic interactions on the thermal and 

rheological properties of linPG.73 A clearly more convenient strategy is the direct 

polymerization of GME (glycidyl methyl ether), where the hydroxyl group of glycidol is 

already methylated. GME is commercially available and can be used for anionic ring-

opening polymerizations resulting in quantitatively methylated and thermoresponsive 

linPG derivatives.105-107 Furthermore, end-functionalized P(GME) (Mn between 600 and 

1500 g∙mol-1) and its copolymer with ethyl glycidyl ether (EGE) can be used in surface 

modification reactions and as a potent protein repellent material.18,108,109 Poly(ether 

imide) membranes functionalized with side chain-methylated oligoglycerols (O(GME)) 

showed good stability under oxidative conditions, which is also relevant in biomedical 

applications.110-112 

Modification of the hydroxyl groups of linPG can also be achieved through (partial) 

esterification with aliphatic acyl chlorides, e.g., palmitoyl chloride. Such systems were 

investigated in comparison to their hyperbranched analogues as “nanocapsules” or 

“nanoreactors”, but showed no or low encapsulation efficiency.99, 113 In the respective 

publication, the fundamental difference between linear and hyperbranched 

polyglycerols derivatized with fatty acid esters has been established with respect to 

guest encapsulation, establishing the core-shell topology of the hyperbranched polymer. 
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Furthermore, acetic acid36, 48 and acetic anhydride100 were used as reactants for the 

hydrophobic modification of linPG resulting in poly(glycerol-co-glycerol acetate)s with a 

varying degree of functionalization and LCST behavior (LCST = 4 to 100 °C). In another 

approach by Dworak and co-workers, LCST behavior was induced in linPG by 

synthesizing ABA or BAB poly(ethylene glycol) (A)/poly(ethyl glycidyl carbamate) (B) 

amphiphilic block copolymers, in which the hydroxyl groups were modified with ethyl 

isocyanate.101 For ABA copolymers, the cloud point was determined to be around 80 °C, 

and for BAB 46 °C was detected, whereas, remarkably, the AB diblock did not exhibit 

thermoresponsive behavior. Esterification with glutaric aldehyde,114 poly(ethylene 

glycol)-bis-(carboxymethyl ether chloride)115 or 3,3-dithiodipropionic acid116 led to linPG-

based hydrogels with different swelling properties. Figure 10 gives an overview of the 

main chemical transformations of the polyglycerol backbone. 

 

Figure 10. Typical examples of backbone-modified linear polyglycerols.  

CuAAC is widely used as an orthogonal method in postpolymerization modifications. 

Erberich, Keul and Möller were able to convert the partially protected linear polyglycerol 

backbone into an alkyne-functionalized polymer by using propargyl bromide. In a proof-

of-principle concept they showed the cycloaddition of an azido-functional sugar moiety 
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to the glycidyl propargyl ether repeating units, aiming at heteromultifunctional 

polyethers.42  

The introduction of functional groups, which are commonly hydrophilic, is interesting in 

biomedical applications, where the attachment of biomolecules is necessary or the 

attachment onto surfaces is desired. Penczek et al. successfully introduced both 

phosphonic and carboxylic acid groups along the polyglycerol backbone.117 

Phosphoethylated polyglycerols have been obtained by Michael addition of the hydroxyl 

groups of linPG to diethyl vinylphosphonate. After hydrolysis, a tunable amount of 

phosphonic acid side groups is available for applications in biorelated fields.118-120  

 

3.3.2 “Grafting-From” Strategies based on linPG 

Transformations of linPG comprise small molecule chemistry addressing the hydroxyl 

groups as well as “grafting-from” approaches, in which linPG is used as a macroinitiator. 

As an example, linPG has been used as a suitable macroinitiator for the ring-opening 

grafting polymerization of cyclic esters. Various works have been published describing 

the synthesis of, e.g., branched poly(lactide)s121,122 or poly(glycerol-graft-ε-

caprolactone)39, 123, 124 with a combination of anionic and coordinative ring-opening 

polymerization. Chemoenzymatic approaches, i.e., the combination of chemical and 

enzyme-catalyzed reactions, have led to densely or loosely grafted poly(ether-graft-

polyester)s, respectively.125-127 Heterografted polyether brushes via chemical and 

enzymatic reactions, mainly developed by Möller and co-workers, were highlighted in 

2009.11 

Interesting degradable polyether-graft-polyesters with pendant 

diethylphosphonatoethyl groups (DEPE) were prepared by enzymatic grafting of ε-

caprolactone from linPG. Via different reaction parameters, such as the ratio of lipase to 

monomer concentration, grafting densities could be varied from 31% to 81%.119 The 

hydrolytically degradable materials contain only biocompatible (polyglycerol) and 

biodegradable (polyester/ phosphonate groups) segments. In a recent follow-up work, 

the group of Möller showed that poly((glycerol ethylphosphonatoethyl)-co-(glycerol-

graft-ε-caprolactone)) copolymers can degrade within 7 d (in vitro study in phosphate-

buffered solution at 55 °C), whereas poly((glycerol diethylphosphonatoethyl)-co-

(glycerol-graft-ε-caprolactone)) was stable for prolonged periods of up to 63 d. The 
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reaction route is shown in Scheme 5. This demonstrates the significant influence of 

ethylphosphonate groups or diethylphosphonate groups on the degradation behavior of 

such biomaterials.120  

 

Scheme 5. Heterografted linear polyglycerol with poly(ε-caprolactone) as degradable 
side-arms. 

Sequential grafting can also be used to synthesize remarkably high molecular weight 

(82 000 – 1 800 000 g∙mol-1) polyglycerol-graft-polyglycerol polymers. Due to the fast 

proton exchange between the alkoxide and hydroxyl groups, this multiple anionic 

“grafting-from” process yielded densely packed (grafting density ~ 70%-90%) 

arborescent-branched macromolecules.38 In this context, “pom-pom like” structures 

based on polyethers have also been investigated.128 

ABA type block-graft copolymers via a combination of CuAAC and atom transfer 

nitroxide radical coupling (ATNRC) reaction were also reported. Copolymerization of 4-

glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl (GTEMPO) and EEGE provided a 

backbone with pendant TEMPO and hydroxyl groups. The hydroxyl groups were 

esterified with 2-bromoisobutyryl bromide, and ATRP was performed to generate graft 

copolymers.129 

 

3.3.3 Linear polyglycerol as a macroinitiator for “hypergrafting” of glycidol 

This section focuses on the use of linear polyglycerol segments as an excellent 

polyfunctional macroinitiator for the “hypergrafting” of glycidol, i.e., the grafting of AB2 

or latent AB2-type monomers onto a linear chain to form hyperbranched polyethers that 

can be analogous to dendronized polymers. The number of initiating hydroxyl groups is a 

critical issue for the control over molecular weight and the polydispersity (usually < 2) of 

the branched block. In simulation studies it could be shown that for the slow monomer 
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addition of an ABn monomer, such as glycidol, the monomer/core functionality ratio is 

important. Furthermore, it was found that the polydispersity is in reciprocal relation to 

the number of functional groups (f, eq 1).130 

 
𝑀𝑤

𝑀𝑛
= 1 +

1

𝑓
 (1) 

Equation 1 translates to decreasing polydispersity (Mw/Mn) with increasing core 

functionality f. Thus, rather monodisperse, multihydroxy-functional initiators are 

required for the controlled formation of hyperbranched polyglycerol. In addition, the 

probability for homopolymerization of glycidol is decreased in this case. This renders 

linear polyglycerol derivatives ideal candidates for the initiation of hyperbranched 

polyethers (Scheme 6) to generate a wide range of linear-hyperbranched polyglycerol 

hybrid structures.  
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Scheme 6. “Hypergrafting“ process of glycidol onto a functional linPG as the 
macroinitiator.130b 

Our group introduced double-hydrophilic linear-hyperbranched block copolymers with 

PEG and polyglycerol segments.24 To this end, a PEG-linP(EEGE) block copolymer was 

deprotected under acidic conditions, providing PEG-b-linPG copolymers with 13-40 

hydroxyl groups. Partial deprotonation of the linPG block and slow monomer addition of 

glycidol (“hypergrafting“ process) afforded linear-hyperbranched PEG-b-hbPG 

copolymers. ABA-type block copolymers (hbPG-b-PEG-b-hbPG) were synthesized in a 

similar manner with low polydispersities (see section 4.2).131 The obtained branched 

polyether structures have unique properties, i.e., high terminal functionality and 

excellent biocompatibility.8,9,13 Both architecture and multifunctionality can be tuned by 
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adjusting the degree of polymerization of polyglycerol, leading to polyether polyols with 

a predefined number of hydroxyl groups. The aforementioned advantages of the 

hyperbranched systems based on linPG as a building block have been used for a variety 

of biomedical purposes. Non-covalent protein conjugation of linear-hyperbranched PEG-

polyglycerols, i.e., α, ωn-telechelics with one terminal amino group and multiple hydroxyl 

groups, have been investigated in the avidin-biotin system for supramolecular 

bioconjugation and in solubilizing carbon nanotubes.132, 133 The double-hydrophilic 

linear-hyperbranched structure (PEG-b-hbPG) was also applied in a drug-delivery system 

based on micellar structures. In this case, doxorubicin was attached to the multiple 

hydroxyl groups via an acid-labile hydrazone bond, thereby rendering the polymer pH-

sensitive. Increased drug loading efficiency, high biocompatibility, and water solubility of 

the polyether structures are proposed to be beneficial in anti-cancer treatment.134  
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Figure 11. Epoxide construction kit for the synthesis of linear and branched polyether-
lipids in novel sterically stabilized “stealth”-type liposomes.72, 136, 137 Reproduced from 
refs 72 and 137. Copyright 2011 and 2013. American Chemical Society. 

 

“Stealth” liposomes, polymer-coated vesicles commonly based on PEGylated lipids, are 

being exploited in clinical use with excellent results.135 One of the drawbacks of methoxy 

poly(ethylene glycol) (mPEG) that is preferentially incorporated as a biorepellent shell, is 

its lack of functional groups. As mentioned in section 3.1.1, our group has used 
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cholesterol directly as an initiator for the oxyanionic polymerization of various epoxides 

including EO, EEGE, IGG, and glycidol (see Figure 11).72, 136  

In contrast to cholesterol, phospholipids as initiators are not stable under the acidic and 

basic reaction conditions in the deprotection and “hypergrafting“ step of glycidol. 

Cholesterol, as a natural membrane component, forms the hydrophobic segment in 

these polyether-based lipid mimetics. Cholesterol represents an excellent anchor in the 

phospholipid bilayer of the liposome.138-141 The cholesterol-based multivalent structures, 

with tunable architectures and number of hydroxyl groups, offer further possibilities for 

derivatization, e.g., via click-chemistry,72, 141 which is important for active targeting. The 

concept of incorporating branched cholesterol-polyether polyols, was recently 

highlighted and remains promising to impart improved “stealth” properties in 

combination with functional groups to liposomes.137a 

 

4. Block copolymers based on linear polyglycerol 

 

Linear polyglycerol is an interesting component in block copolymers as a hydrophilic 

segment. Due to its multiple hydroxyl groups at the polyether backbone, it is highly 

water-soluble and therefore serves as an excellent, functional building block in 

amphiphilic block copolymers and nonionic polymer surfactants. In the following section 

the incorporation of linPG into AB, ABA or even ABC block co- or terpolymers and other 

architectures will be highlighted.  

 

4.1. Diblock copolymers containing linear polyglycerol 

 

Möller and co-workers synthesized polystyrene-b-polyglycerol (PS-b-linPG) block 

copolymers via carbanionic polymerization of styrene initiated with sec-butyl lithium 

and subsequent oxyanionic ring-opening polymerization of EEGE. To achieve sufficient 

reactivity of the propagating oxyanion, a phosphazene base (P4-t-Bu) was added for the 

formation of the second block, resulting in block copolymers with polydispersities 

between 1.04 and 1.48 (Mn = 18 000-102 000 g∙mol-1).142, 143 P4-t-Bu functions as a 

complexing agent for the cation (lithium) and thereby allows to “switch” directly from 
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carbanionic to oxyanionic living chains, without intermediate work-up of the first block. 

A phosphazene base system was also used in the low-temperature metal-free anionic 

ring-opening polymerization of EEGE and AGE, using 3-phenyl-1-propanol as the 

initiator. Using this method, well-defined EEGE/AGE diblock copolymers were obtained, 

which are versatile, functionalizable linear aliphatic polyethers.144 

Another mild modification method was presented by Möller and co-workers for the 

synthesis of random and block copolymers with glycidol and glycidyl amines.145 They 

used tetraoctylammonium bromide and i-Bu3Al as a catalyst system for the 

copolymerization of EEGE and epichlorohydrin, which does not sustain the harsh 

conditions of a conventional base-initiated oxyanionic polymerization. In a three-step 

protocol, polyethers with hydroxymethyl and aminomethyl side chains were obtained 

after polymer modification, albeit with slightly increased polydispersities (Mw/Mn = 1.35 

for random copolymers; Mw/Mn = 1.58 for block copolymers). Intermediate products, 

azide-functional polyethers, are useful for click-reactions for the functionalization of the 

copolymers.  

The same group also prepared linear multifunctional polyethers via cationic ring-

opening polymerization of a protected glycidyl ether (tBGE) with THF. Kinetic studies 

support the incorporation of both monomers into the polymer backbone. Deprotection 

resulted in linear poly(tetrahydrofuran-co-glycerol) with molecular weights up to 

16 800 g∙mol-1and polydispersities < 1.8.103 

Dendritic block copolymers are a complex class of polymers, and these architectures 

have also been achieved using polyglycerol building blocks in dendritic stars made from 

ethylene oxide and glycidol146 or tBGE and glycidol.147 Furthermore, P(EEGE)-b-

hyperbranched polyglycerol-co-P(EEGE) was synthesized.148 The preparation of all of 

these systems included EEGE as a hydrophobic comonomer, and the amphiphilic core-

shell structures were investigated with respect to their encapsulation behavior.  

 

4.2. Triblock copolymers containing linear polyglycerol 

 

Pluronics™ are nonionic surfactants based on an amphiphilic ABA structure of linear 

triblock copolymers poly(ethylene glycol)-b-poly(propylene oxide)-b-poly(ethylene 

glycol) (PEG-b-PPO-b-PEG). They are produced on a large scale and are commercially 
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available with a variety of molecular weights. These highly established systems show 

interesting physical properties such as a LCST for short PEG-segments and good water-

solubility with increasing molecular weight of the hydrophilic part. Applications range 

from cosmetic and pharmaceutical purposes to paper and textile modification.149 As 

mentioned earlier, the PEG block can be replaced by linear polyglycerol to introduce 

numerous hydroxymethylene groups into the hydrophilic block. In a pioneering work, 

Tsvetanov and co-workers published a synthetic pathway toward polyglycerol-based 

Pluronics™ (linear glycerol/ propylene oxide- LGPs), which is shown in Scheme 7.150 They 

used poly(propylene oxide) (PPO) as the macroinitiator for the anionic ring-opening 

polymerization of EEGE and subsequent acidic cleavage of the acetal protecting groups. 

Well-defined copolymers with varying amounts of linear polyglycerol (20-84 wt%) and a 

PPO block of 2000 g∙mol-1 were prepared and characterized in solution. Their critical 

micelle concentration (CMC) was investigated, and a dependence on the linPG content 

and temperature was found. The decrease of the CMC with decreasing length of the 

hydrophilic part was not as strong as for conventional Pluronic™ copolymers. In various 

follow-up works by the same group, detailed characterization and the influence of the 

PPO block length (1000 g∙mol-1) on the CMC were studied.151-153 Additionally, P(EEGE)-b-

PPO-b-P(EEGE) and PPO-b-P(EEGE)-b-PPO without the deprotected segments and their 

association behavior have been investigated.154 

Scheme 7. Synthesis of “Pluronic-like” linear triblock copolymers linPG-b-PPO-b-linPG.150 

These functional surfactants may also bear promise for the sensitization of multidrug 

resistant cancer cells in analogy to linear-hyperbranched surfactants based on a 

hyperbranched polyglycerol block.154b Interesting ABA triblock copolymers based on PEG 

and polyglycerol with an amphiphilic101 or double-hydrophilic structure were prepared 

by Dworak et al.,36,114 and by our group.131 Subsequent to deprotonation of 

commercially available dihydroxy-functional PEGs and the anionic ring-opening 
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polymerization of EEGE, P(EEGE)-b-PEG-b-P(EEGE) was obtained, yielding linPG-b-PEG-b-

linPG after removal of the acetal protecting group. Hyperbranched-linear-

hyperbranched ABA-type polyethers were synthesized from a linPG-b-PEG-b-linPG 

polyfunctional macroinitiator with narrow molecular weight distributions (Mw/Mn = 

1.19-1.45) and molecular weights between 6300 and 26,000 g∙mol-1.131 Maximum 

biocompatibility is achieved by using merely polyethers as building blocks for these ABA 

architectures, and laborious coupling reactions between the blocks can be avoided. 

Surprisingly, studies of the thermal properties revealed that all samples were still 

crystalline to some extent, although the large hyperbranched block (high number of 

terminal functionalities, amorphous segment) was expected to impede crystallization of 

the PEG block. Dworak et al. reported the synthesis of polyglycerol-b-polystyrene-b-

polyglycerol ABA structures under living reaction conditions with styrene and EEGE 

initiated with potassium naphthalenide.36 

ABC triblock terpolymers consisting of polyglycerol-b-poly(ethylene glycol)-b-poly(D,L-

lactide) were synthesized after deprotonation of 1-methoxy-2-ethanol, followed by the 

ring-opening polymerization of EEGE, EO and D,L-lactide. The formation of nonspherical 

micelles was observed.155 PS-b-PEG-b-P(EEGE) triblock copolymers were obtained by 

combining carbanionic and oxyanionic polymerization techniques, capitalizing on a 

phosphazene base, allowing the one-pot synthesis of narrowly distributed (Mw/Mn = 

1.02-1.10) terpolymers.156  

 

4.3 Star polymers containing linear polyglycerol segments 

 

Multifunctional low molecular weight initiators like trimethylolpropane,157 

di(trimethylolpropane),39, 126, 157 pentaerythritol,147, 158 dipentaerythritol,75, 76, 147, 157, 159 

and inositol147 have efficiently been used for the synthesis of multiarm stars based on 

linear polyglycerol. The chemical composition and properties of the resulting stars can 

be easily modified by choosing glycidyl ethers that can be selectively deprotected. As an 

example, fully polyether-based amphiphilic star copolymers were prepared by Walach 

and co-workers via sequential polymerization of tBGE and EEGE from a multifunctional 

initiator followed by selective deprotection of the P(EEGE) block.158 In a follow-up work, 
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“dendritic stars” were prepared by repeating the aforementioned reaction cycle (tBGE, 

EEGE, deprotection).147  

Multihydroxy-functional star-shaped polyglycerols serve as unusual macroinitiators for 

the synthesis of star block copolymers with a core-shell structure. The ring-opening 

polymerization of ε-caprolactone39,126 and L-lactide from star-shaped PG-macroinitiators 

has been discussed in detail by Möller et al..160 Furthermore, they reported the use of 

multiarm P(EEGE)s blended with poly(ε-caprolactone) for the fabrication of hydrophilic, 

yet water-insoluble fibers showing decreased protein adsorption.159 In another work, 

Keul et al. investigated 3-, 4-, and 6-arm linPG-based stars modified with ATRP initiators 

with respect to their utility in the controlled radical polymerization of tert-butyl acrylate 

and methyl acrylate.157 

Various approaches have been described for the synthesis of heteroarm star polymers, 

bearing at least one linPG arm.161-165 As an example, Huang and co-workers prepared 

ABC-miktoarm star polymers by carbanionic polymerization of styrene, end-capping with 

EEGE and successive anionic ring-opening polymerization of EO and EEGE.164 

 

5. Exploration of Biomedical and Pharmaceutical Applications 

 

In comparison to the vast number of established applications of PEG, the development 

of actual applications of linPG is still in its infancy. The excellent biocompatibility in 

combination with its biorepellent properties on surfaces have motivated various 

research groups to perform cell tests. In addition, conjugation with proteins 

(“PGylation”) is likely to lead to further application-oriented concepts with respect to 

“functional bioconjugation” of therapeutic proteins. Table 1 summarizes all literature 

that is currently available on biomedical and pharmaceutical applications. 
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Table 1: Exploratory biomedical and pharmaceutical applications of linPG. 

Tested Polymer Structure References Exploratory test for 
biomedical and 

pharmaceutical applications 

linPG 

 

13-15 Hemocompatibility testing, 
red blood cell aggregation, 
blood viscosity 
measurements, cytotoxicity 
experiments, 
biocompatibility testing 
In vivo circulation/ 
biodistribution/ renal 
clearance 

Esters of oligoglycerol (PG10-ester) 
R’ = ester group 

 

3,16 FDA approved, pharma 
additives 

Endfunctional linPG 
 

  

linPG-SH (DPn=10-16) 

 
PGME-SH (DPn=6,10,16) 

 

17,18,20 
 
 
 
 
18, 20, 108 
 

Surface modification/ SAM 
on gold 
Antifouling properties/ 
Biorepellent 
Resistant towards the 
adsorption of: 
fibrinogen, pepsin, albumin, 
and lysozyme 
protein and cell resistance 

linPG-NH2 

 

18,19 
 
 
64 
132 

Surface modification 
gold/glass 
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linPG-Cholesterol derivatives  
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material has been overlooked for a long time with respect to its high potential for 
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al. on the polymerization of EEGE, followed by facile removal of the protecting groups 
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available by three simple synthetic steps only: (i) addition of vinyl ethyl ether to glycidol, 

(ii) subsequent anionic ring-opening polymerization and (iii) facile acidic deprotection in 

the same vessel within several minutes. 

Only in the past decade, linPG is increasingly considered as a promising biomedical 

material, mainly due to its high hydroxyl functionality, allowing an immense scope of 

further modifications and applications. This Review has presented both basic synthetic 

strategies toward linear and more complex architectures, versatile modification 

approaches as well as manifold block co- or terpolymer structures. Outstanding 

properties like high water solubility, excellent biocompatibility, and antifouling behavior 

have been explored, but clearly this field of research is by no means mature. Linear 

polyglycerol can be expected to show similar properties in biological systems as 

hyperbranched PG,167, 168 but so far it has not been applied for biomedical purposes as 

much as PEG or hbPG. On the other hand, molecular encapsulation is different 

compared to hbPG99 and rheological properties can be expected to vary as well. 

Nevertheless, the low intrinsic viscosity of linPG makes it attractive in intraveneous 

applications.13  

It is obvious that linPG is not suitable to replace PEG for large-scale applications, such as 

for cosmetics and in established pharmaceutical fields; however, it may be considered as 

a promising highly functional building block in specialty applications. On the other hand, 

random copolymers comprising both PEG segments and a predefined amount of linear 

glycerol units can be obtained by random or block copolymerization of EO and EEGE, 

permitting one to obtain heteromultifunctional poly(ethylene glycol) copolymers with 

multiple hydroxyl groups. In this case, only a minor amount of EEGE is required. Via this 

approach, the high number of hydroxyl functionalities of linPG can be “diluted“ and 

thereby tailored for specific purposes, as is the case for the copolymerization of EO and 

EEGE, leading to structures that combine the properties of PEG with the functionality of 

PG.169 A wide range of copolymerizations of EEGE with other glycidyl ethers has recently 

been studied to include other functional moieties in linear polyglycerols, e.g., (1-

adamantyl)methyl glycidyl ether170 or for biocompatible nano- and microgels.171 Recent 

publications have also shown strategies to overcome the non-degradability of linPG by 

synthesizing poly(1,2-glycerol carbonate)s.172,173 In summary, biomedical applications 

comprising drug delivery and controlled release, bioinert coatings, or tissue engineering 
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purposes as well as bioconjugation will benefit from the enormous versatility of linPG as 

a highly functional biomaterial. 
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Abstract 

 

A variety of allyl-functional cholesterol-polyether lipids in the molecular weight range of 

2000 to 5000 g mol-1 was synthesized via oxyanionic ring-opening polymerization of 

different epoxides. The initiator cholesterol was used as the hydrophobic segment and 

anchor in lipid bilayers. Random copolymers of ethoxyethyl glycidyl ether (EEGE) and 

allyl glycidyl ether (AGE) were prepared with AGE contents between 25-75mol% and 

polydispersity indices (Mw/Mn) below 1.25. Allyl groups were introduced into 

poly(ethylene glycol)-linear polyglycerol (PEG-linPG) or hyperbranched polyglycerol 

(hbPG) lipids. 1H NMR spectroscopy, differential scanning calorimetry (DSC), MALDI-ToF 

mass spectrometry, and surface tension measurements were employed for lipid 

characterization. The allyl groups were derivatized with thiols (benzyl mercaptan and 

glutathione, GSH) in thiol-ene coupling reactions. As an example, the hyperbranched 

polyether-lipid (Ch-hbPG30-PAGE10-GSH4) was incorporated into liposomes formed by 

cholesterol and egg phosphatidylcholine (EPC) in order to investigate its potential in 
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drug delivery systems. Dynamic light scattering (DLS) and cryo-transmission electron 

microscopy (cryo-TEM) showed unilamellar vesicles of 150 nm. The results lay the 

foundation for active targeting, e.g., in liposomes for anti-cancer treatment.  

 

Introduction 

 

Poly(ethylene glycol) (PEG) coated liposomes play an important role in drug delivery 

systems nowadays. These spherical vesicles are composed of phospholipid bilayers and 

(phospho)-lipids that carry biocompatible PEG chains. They can entrap both hydrophilic 

and hydrophobic drugs and deliver them to the site of action. PEGylated vesicles, so-

called “stealth” liposomes, combine the advantages of passive targeting and the 

reduction of harmful side effects of anti-cancer drugs on healthy tissue.1,2,3 The presence 

of a polymeric shell results in prolonged blood circulation times,4,5,6 reduced 

mononuclear phagocyte system (MPS) uptake,7 reduced aggregation in blood and 

improved stability of these liposomal carriers compared to conventional liposomes. The 

so-called “stealth effect” is ascribed to steric stabilization of the vesicle by the polymer 

corona.8,9 Passive targeting can be achieved by the “enhanced permeability and 

retention” (EPR) effect, i.e., the increased permeability of blood vessels in a tumor or 

inflamed tissue.10,11 Doxil™, the most prominent commercially available liposomal drug 

carrier, with doxorubicin incorporated in PEGylated liposomes, is currently used against 

Kaposi’s sarcoma and ovarian cancer.8,12-14 

Besides improved pharmacokinetics and liposome stabilization, the strategy of 

PEGylation also implies several disadvantages. Methoxypoly(ethylene glycol) (mPEG) is 

often used in challenging coupling chemistry for the attachment to phospholipids.13,15 

The monofunctional polymer chain lacks additional groups for further functionalization, 

which can be necessary for active liposome targeting. Several efforts have been made to 

introduce additional functionalities along or at the end of the linear polymer backbone. 

To date, multiple hydroxyl groups have been introduced via ethoxyethyl glycidyl ether 

(EEGE). This acetal protected glycidyl monomer can be polymerized in the oxyanionic 

ring-opening polymerization (AROP) and carries one methylene hydroxyl group per 

monomer unit after the acidic deprotection step.16-18 Using 1,2-(isopropylidene glyceryl) 
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glycidyl ether (IGG) two hydroxyl groups per monomer unit can be introduced.19 Möller 

et al. published a useful synthesis for the preparation of linear polyglycerol (linPG) with 

two orthogonal protecting groups. EEGE, allyl glycidyl ether (AGE), and tert-butyl glycidyl 

ether (tBGE) were combined in the AROP using potassium 3-phenyl-1-propanolate as 

initiator. Selective removal of only one protecting group led to various linear 

poly(glycerol ethers).20 Recently, the random copolymerization of EEGE and AGE was 

demonstrated by in situ NMR-kinetics.21 Our group has utilized epoxides for the 

synthesis of multifunctional lipids for liposome preparation in biomedical applications. 

By using the natural membrane component cholesterol directly as an initiator for the 

polymerization of EEGE or IGG, it is possible to obtain cholesterol-lipids with different 

architectures like linPG or poly(glyceryl glycidyl ether) (PGG) with one or two hydroxyl 

groups per monomer unit, respectively. Complex structures such as hyperbranched 

polyglycerol (hbPG) lipids can be obtained when using glycidol in the slow monomer 

addition (SMA) technique.22,23 Laborious coupling chemistry can be avoided and 

advantageous properties are expected with PEG as a flexible spacer and hbPG as a 

polymer with excellent biocompatibility.24,25,26,27 Furthermore, the multifunctional 

polyethers bear numerous hydroxyl-groups for the subsequent attachment of markers 

or targeting moieties, resist the adsorption of proteins,28,29 are highly water-soluble, and 

may show improved shielding compared to PEG due to the branched structure.  

Furthermore, the aforementioned allyl groups, that can be converted into hydroxyl 

groups, were used for the functionalization of polyethers.19,20 Random copolymers of 

AGE and ethylene oxide (EO) with molecular weights between 5000 and 13 600 g mol-1 

were synthesized by our group in order to carry out thiol-ene coupling (TEC) with small 

(bio)-molecules. The well-defined hybrid materials with peptides conjugated to the PEG 

backbone provide a platform for bioconjugation.30 Shortly after this work, Lee et al. 

published an investigation of high molecular weight (10 000-100 000 g mol-1) poly(allyl 

glycidyl ether)s (PAGE) aiming at the correlation of the isomerization of allyl side chains 

and the reaction temperature. They found almost no isomerization in bulk or in solution 

with a temperature below 40 °C.31 Furthermore, PAGE-PEG copolymers were used for 

ether-based polymer electrolytes.32 Compared to the copper-catalyzed Huisgen 1,3-

dipolar cycloaddition (click-reaction) the thiol-ene coupling requires several equivalents 

of the thiol compound. Nevertheless, it was proven to be an effective method to modify 
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various materials, such as inorganic polymers,33 SBR rubbers34 and has also been used 

for the synthesis of dendrimers.35 Moreover, biologically important molecules like the 

anti-cancer drug doxorubicin were successfully attached to PEG-co-PAGE copolymers 

(~3wt%) via a pH-sensitive hydrazone bond in multiple steps by Ulbrich et al..36,37 

For biological applications the usage of copper is disfavoured due to its cytotoxicity. The 

ring-opening of strained heterocyclic electrophiles38 and other metal-free click-

reactions39 can be used to overcome this issue but is often related to elaborated small 

molecule chemistry. Thiol-ene coupling, on the other hand, avoids metal catalysts but 

works via free radical addition (thermally or photochemically)40,41 of thiols onto double 

bonds. High tolerance towards other functional groups, high regioselectivity, and high 

chemical stability of the resulting thioether are advantageous and make this synthetic 

route ideal for medical purposes. 

 

Figure 1: Polyether-based lipids with multiple hydroxyl groups and allyl groups having a 
linear (left) or hyperbranched (right) architecture. Thiols can be coupled to the allyl 
groups (green ellipsis); Ch= cholesterol, lin= linear, hb= hyperbranched, PG= 
polyglycerol, PAGE= poly(allyl glycidyl ether). 
 

In this work, we present a combination of multiple hydroxyl groups and allyl 

functionalities in polyether-based amphiphiles. Cholesterol was used as an initiator for 

the AROP of various epoxides for eventual anchoring in lipid bilayers. The lipids were 

synthesized with different architectures (linear, hyperbranched or a combination, see 

Figure 1). The allyl moieties were converted into thioethers via thiol-ene coupling 

reactions with benzyl mercaptan or glutathione (GSH). Using 1H NMR spectroscopy, SEC, 

MALDI-ToF, and surface tension measurements, the polymer structures were 

characterized in detail. Cryo-TEM was employed to study the liposomes shape.  
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Experimental Section 

 

Instrumentation 

1H NMR spectra were recorded using a Bruker AC 400 spectrometer operated at 

400 MHz, employing CDCl3, MeOD, or DMSO-d6 as a solvent. All spectra were referenced 

internally to residual proton signals of the deuterated solvent. Size exclusion 

chromatography (SEC) measurements were carried out in dimethylformamide (DMF) 

with 0.25 g L-1 LiBr on PSS HEMA columns (300/100/40). For SEC measurements a UV 

(275 nm) and an RI detector were used. Calibration was carried out using poly(ethylene 

glycol) (PEG) standards provided by Polymer Standards Service (PSS). Aqueous MALS 

measurement were separated over a set of HEMA-Bio columns (40/100/1000) with 

10 µm particles with a length of 300 mm and an internal diameter of 8 mm (MZ-

Analysentechnik) providing an effective molecular weight range of 2000 to 

3000,000 g mol-1 at a flow rate of 1.0 ml ∙min-1 (Agilent 1260 HPLC) in 100 mM 

phosphate, 50 mM sodium chloride, pH 6.5. Each sample injection was 100 µL. Elution 

profiles for mass analysis were detected using a UV detector (254 nm, Agilent 1260), a 

Wyatt miniDAWN TREOS MALS detector, a Wyatt ViscoStar II on-line differential 

viscometer and a differential refractometer (Agilent 1260). Using the elution-profile 

data, the weight-averaged molecular mass was calculated with Astra 6.1.1 software 

(Wyatt Technologies) using a dn/dc of 0.135 for the PEG polymer (American Polymer 

Standards Corporation). Differential scanning calorimetry (DSC) measurements were 

carried out using a Perkin-Elmer DSC 8500 in the temperature range of -100 to 20 °C, 

using heating and cooling rates of 20 °C min-1 (1st cycle) and 10 °C min-1 (2nd cycle), 

respectively. The values for the second cycle were used for analysis. The melting points 

of indium (Tm = 156.6 °C) and Millipore water (Tm = 0 °C) were used for calibration. 

Matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-

ToF MS) measurements were performed on a Shimadzu Axima CFR MALDI-ToF mass 

spectrometer equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. 

Dithranol was used as a matrix. The samples were prepared by dissolving the polymer in 

methanol at a concentration of 10 g L-1. A 10 µL aliquot of this solution, 10 µL of a 

10 g L-1 solution of the matrix and 1 µL of a solution of silver trifluoracetate (AgTFA) 
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(0.1 M in methanol as a cationization agent) were added consecutively to a multistage 

target (dried-droplet method) and matrix/analyte films were created. 

Critical micelle concentration (CMC) measurements 

Surface tension measurements, to determine the critical micelle concentration (cmc) of 

the allyl-containing polyether lipids, 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. The Du Noüy ring was rinsed thoroughly 

with Millipore water and annealed in a butane flame prior to use. Surface tension data 

was processed with SCAT v3.3.2.93 software. The CMC presented is a mean value of two 

experiments. All solutions for surface tension measurements were stirred for 120 s at a 

stir rate of 50%. After a relaxation period of 360 s, three surface tension values were 

measured.  

DLS measurement and cryo-TEM preparation 

For light scattering, a Zetasizer Nano Series Nano ZS (Malvern instruments) was used 

with a constant scattering angle of 173° and a measuring temperature of 25 °C. The 

samples were diluted (1:1000) and measured three times in a disposable plastic cuvette. 

For cryo-TEM images, the grids (CF-2/2-3C-T50 Grids; Protochips) were washed in 

chloroform for an hour and rinsed five times with acetone. After drying, the grids were 

negatively glow discharged (30 s at 30 mA) and 3 µl of the liposome sample were placed 

on the grid. Cryo-samples were vitrified in liquid ethane using a Gatan Cryoplunge™3 

(relative humidity: 92%; blotting time for double-sided blotting: 3 s; temperature: 18 °C) 

and imaged with an FEI Tecnai 12 (acceleration voltage: 120 kV) transmission electron 

microscope equipped with a TVIPS TemCam-F416 (TVIPS, Gauting, Germany). 

Reagents 

All reagents and solvents were purchased from Acros and used as received, unless 

otherwise mentioned. Anhydrous solvents were stored over molecular sieves and were 

purchased from Aldrich. Deuterated solvents were purchased from Deutero GmbH, and 

stored over molecular sieves. Cholesterol was purchased from Acros and stored at 8 °C.  

Ethoxyethyl glycidyl ether (EEGE) was synthesized as described in the literature42, dried 

over CaH2, and cryo-transferred prior to use. Allyl glycidyl ether (AGE) was purchased 

from Acros Organics, dried over CaH2, and cryo-transferred prior to use. Glycidol was 

purified by distillation from CaH2 directly prior to use. Azobisisobutyronitrile (AIBN, 
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Acros) was recrystallized from MeOH. Benzyl mercaptan was a product of Acros Organics 

and glutathione reduced was obtained from ABCR. Absolute ethanol was purchased 

from VWR international. Dulbeccos’ phosphate buffered saline (DPBS solution) was 

purchased from Invitrogen/Gibco. Hydrogenated egg phosphatidylcholine (EPC-3) was a 

gift from Lipoid GmbH and stored at -20 °C. The extruder, the polycarbonate membranes 

and filters were purchased from Avanti Polar Lipids. 

 

Polymer synthesis 

Cholesterol linear Poly(glycerol) (Ch-linPG20) 

Cholesterol (2 g, 5.2 mmol), CsOH monohydrate (0.782 mg, 4.7 mmol, 90% of 

deprotonation), and benzene were placed in a Schlenk flask. The mixture was stirred for 

about 30 min at room temperature (RT) to generate the cesium alkoxide. The salt was 

then dried under vacuum for 24 h at 90 °C. The salt was suspended in 50 mL anhydrous 

dioxane, the monomer EEGE was added (15.8 mL, 103 mmol) and the mixture was 

heated up to 90 °C for 24 h. A sample was removed for NMR and SEC analysis, the 

polymerization was stopped via addition of an excess of methanol and the acetal 

protecting groups of PEEGE were cleaved by the addition of an acidic ion-exchange resin 

(Dowex 50WX8) and 2 N HCl stirring at RT for 24 h. The solution was filtered, 

concentrated, and the crude product was precipitated in cold diethyl ether. The block 

copolymer was dried under vacuum.  

Before deprotection: 1H NMR (400 MHz, CDCl3): δ (ppm) = 5.30 (C=CH cholesterol), 4.68 

(CHO acetal group), 3.88-3.17 (polyether backbone; CHO cholesterol), 2.30-0.83 (CH2, CH 

cholesterol), 0.65 (CH3 cholesterol). 

After deprotection: 1H NMR (400 MHz, MeOD): δ (ppm) = 5.37 (C=CH cholesterol), 3.77-

3.17 (polyether backbone; CHO cholesterol), 2.40-0.88 (CH2, CH cholesterol), 0.72 (CH3 

cholesterol). 

 

Ch-linPGn-co-PAGEm in bulk (Scheme 1) 

Cholesterol (1 g, 2.6 mmol), CsOH monohydrate (0.391 mg, 2.3 mmol; degree of 

deprotonation 90%), and benzene were placed in a Schlenk flask. The mixture was 

stirred for about 30 min at RT to generate the cesium alkoxide. The salt was then dried 

under vacuum at 90 °C for 3-4 h. The monomers EEGE and AGE were added in different 
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molar ratios and the mixture was heated up to 65 °C for 48 h. A sample was removed for 

NMR and SEC analysis, the polymerization was stopped via an excess of methanol and 

the acetal protecting groups of the PEEGE block were removed by addition of an acidic 

ion-exchange resin (Dowex 50WX8) and 2 N HCl stirring at RT for 24 h. The solution was 

filtered, concentrated, and the crude product was precipitated in cold diethyl ether. The 

block copolymer was dried under vacuum. With higher amounts of AGE (75 mol%) 

precipitation in diethyl ether was difficult due to increasing solubility due to the allyl 

groups. Hence, the solution had to be centrifuged. 

1H NMR before deprotection: (400 MHz, CDCl3): δ (ppm) = 5.87 (CH2CH=CH2, allyl), 5.33 

(C=CH cholesterol), 5.27-5.13 (CH2CH=CH2, allyl), 4.68 (CHO, acetal group), 3.98 

(CH2CH=CH2), 3.88-3.17 (polyether backbone; CHO cholesterol), 2.30-0.84 (CH2, CH 

cholesterol), 0.66 (CH3 cholesterol). 

After deprotection: 1H NMR (400 MHz, MeOD): δ (ppm) = 5.92 (m, CH2CH=CH2, allyl), 

5.38 (C=CH cholesterol), 5.32-5.17 (dd, CH2CH=CH2, allyl), 4.02 (d, CH2CH=CH2), 3.88-3.16 

(polyether backbone; CHO cholesterol), 2.37-0.88 (CH2, CH cholesterol), 0.66 (CH3 

cholesterol). 

 

Ch-PEG26-b-linPG7 (Scheme 2) 

Cholesterol (1 g, 2.6 mmol, 1 eq.), CsOH monohydrate (0.391 g, 2.3 mmol; degree of 

deprotonation 90%), and benzene were placed in a Schlenk flask. The mixture was 

stirred at RT for about 30 min to generate the cesium alkoxide. The formed salt was 

dried under vacuum at 90 °C for 24 h, anhydrous THF was added via cryo transfer, and 

ethylene oxide (3.9 mL, 77.6 mmol, 30 eq.) 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 RT, heated to 60 °C, and the polymerization was performed at 

60 °C for 24 h under vacuum. Subsequently, a sample was removed for NMR and SEC 

analysis, EEGE (2.8 mL, 18.1 mmol, 7 eq.) was added via a syringe, and the reaction 

mixture was held at 60 °C for an additional 24 h. After removal of another sample for 

characterization, the polymerization was stopped via addition of an excess of methanol, 

and the acetal protecting groups of the PEEGE block were cleaved by addition of water 

and acidic ion-exchange resin (Dowex 50WX8) stirring at 40 °C for 12 h. The solution was 
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filtered, concentrated, and the crude product was precipitated in cold diethyl ether. The 

block copolymer was dried under vacuum. 

Before deprotection: 1H NMR (400 MHz, CDCl3): δ (ppm) = 5.29 (C=CH cholesterol), 4.66 

(CHO, acetal group), 3.86-3.11 (polyether backbone; CHO cholesterol), 2.34-0.81 (CH2, 

CH cholesterol), 0.62 (CH3 cholesterol). 

After deprotection: 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 5.31 (C=CH cholesterol), 

4.37 (br, OH), 3.74-3.17 (polyether backbone; CHO cholesterol), 2.37-0.83 (CH2, CH 

cholesterol), 0.65 (CH3 cholesterol). 

 

Ch-PEG26-b-linPG7-graft-PAGE4 (Scheme 2) 

The macroinitiator Ch-PEG26-b-linPG7 (0.4 g, 0.20 mmol), CsOH monohydrate (66 mg, 

0.4 mmol, 25% of deprotonation of the total amount of hydroxyl groups), and benzene 

were placed in a Schlenk flask and stirred for 30 min. Then the mixture was dried under 

vacuum overnight at 90 °C. The polymer salt was dissolved in 2 mL anhydrous THF, AGE 

(0.16 mL, 1.4 mmol) was dissolved in 0.8 mL anhydrous THF and then slowly added at 

RT. The reaction was stirred for another 3 d. Termination was carried out via addition of 

an excess of methanol. The product was precipitated in cold diethyl ether and Ch-PEG26-

linPG7-graft-PAGE4 was dried under vacuum. 

1H NMR (400 MHz, MeOD): δ (ppm) = 5.92 (m, CH2CH=CH2, allyl), 5.36 (C=CH 

cholesterol), 5.30-5.14 (dd, CH2CH=CH2, allyl), 4.01 (d, CH2CH=CH2), 3.86-3.16 (polyether 

backbone; CHO cholesterol), 2.40-0.85 (CH2, CH cholesterol), 0.71 (CH3 cholesterol). 

Ch-hbPG30-graft-PAGE10 (Scheme 3) 

The synthesis of Ch-hbPG30 was adapted from a literature protocol.22,23 Subsequently, 

AGE was added via a syringe at RT in order to attach the allyl groups at the periphery of 

the lipid and the reaction mixture was stirred for another 12 h. Termination was carried 

out via addition of an excess of methanol. The product was precipitated in cold diethyl 

ether and the Ch-hbPG30-graft-PAGE10 was dried under vacuum. 

Cholesterol-poly(isopropylidene glyceryl glycidyl ether) (Ch-PIGG5). 1H NMR (400 MHz, 

DMSO-d6): δ (ppm) = 5.30 (C=CH cholesterol), 4.14 (CHO acetal), 3.96 (m, CH2O acetal), 

3.76-3.22 (polyether backbone; CHO cholesterol), 2.28-0.82 (CH2, CH cholesterol), 1.31-

1.26 (CH3 acetal), 0.63 (CH3 cholesterol). 
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Cholesterol-poly(glyceryl glycidyl ether) (Ch-PGG5) 

1H NMR (400 MHz, DMSO-d6): δ (ppm) = 5.30 (C=CH cholesterol), 4.27 (br, OH), 3.76-

3.22 (polyether backbone; CHO cholesterol), 2.28-0.82 (CH2, CH cholesterol), 0.63 (CH3 

cholesterol). 

Ch-hbPG30-graft-PAGE10. 1H NMR (400 MHz, MeOD): δ (ppm) = 5.94 (m, CH2CH=CH2, 

allyl), 5.38 (C=CH cholesterol), 5.32-5.16 (dd, CH2CH=CH2, allyl), 4.02 (d, CH2CH=CH2), 

3.88-3.17 (hyperbranched polyether backbone; CHO cholesterol), 2.38-0.88 (CH2, CH 

cholesterol), 0.73 (CH3 cholesterol). 

 

Thiol-ene coupling of benzyl mercaptan /glutathione reduced (Scheme 4) 

Procedure described for Ch-linPG29-co-PAGE9 as an example. 0.5 g of Ch-linPG29-co-

PAGE9, 155 mg of AIBN (0.75 eq of allyl groups), and 10 eq. (of allyl groups) of the 

respective thiol were dissolved in 15 mL DMF (for benzyl mercaptan) or in 15-20 mL 

DMF/H2O (for glutathione). After three freeze-pump-thaw cycles, the mixture was 

stirred at 75 °C for 48 h. For purification, the reaction mixtures were dialyzed (MWCO = 

1000 g mol-1) in water/MeOH (benzyl mercaptan) or water (glutathione) and dried under 

vacuum to give a yellowish, sticky polymer. Benzyl mercaptan attachment to Ch-linPG29-

co-PAGE9: 1H NMR (400 MHz, MeOD): δ (ppm) = 7.31-7.22 (benzyl protons), 5.36 (C=CH 

cholesterol), 3.88-3.14 (polyether backbone; CHO cholesterol, SCH2benzyl), 2.48 (br, 

SCH2), 1.78 (br, SCH2CH2), 2.37-0.88 (CH2, CH cholesterol), 0.71 (CH3 cholesterol). 

 

Liposome preparation 

Liposomes consisting of the amphiphile Ch-hbPG30-graft-PAGE10-graft-GSH4, cholesterol 

and egg phosphatidylcholine (EPC) were prepared by the thin film hydration method on 

a clean bench. A solution of EPC in ethanol, cholesterol in ethanol and the copolymer in 

a methanol/ethanol mixture (2:1) were blended at molar ratios of 55:40:5 mol%, 

respectively. The solvent was evaporated in a rotating evaporator to obtain a thin film of 

liposome components. The lipid film was hydrated with 1 mL of PBS buffer solution to 

obtain a final lipid concentration of 21 mg mL-1, sonicated at 50 °C for 10 min to yield 

multilamellar vesicles (MLVs), and extruded through a 400 nm polycarbonate membrane 

11 times, followed by the extrusion through a 100 nm membrane for 11 times to obtain 
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small unilamellar vesicles (SUVs). The suspension was stored at 4 °C in an Eppendorf 

tube.  

 

Results and Discussion 

 

Synthesis and Characterization of Ch-linPGn-co-PAGEm 

In recent publications, we presented the synthesis and characterization of 

multifunctional cholesterol-lipids based on hyperbranched (hb) or linear-hyperbranched 

polyethers (PEG-b-hbPG).22,23,43 We introduced their successful application in liposomal 

formulations. In the present work, this concept is extended to allyl group-containing 

polyethers that are suitable for thiol-ene coupling reactions in order to enable the 

synthesis of functional liposomes for “active” targeting. In a rapid two-step protocol 

cholesterol-initiated linear polyglycerol-co-poly(allyl glycidyl ether) polymers (Ch-linPG-

co-PAGE) were synthesized in various monomer ratios (25 mol%, 50 mol%, 75 mol% of 

allyl groups compared to the total amount of monomer units). In the first step, 

cholesterol was directly used as the initiator for the ring-opening polymerization (ROP) 

of ethoxyethyl glycidyl ether (EEGE) and the commercially available allyl glycidyl ether 

(AGE). Deprotonation was achieved using CsOH, and the reaction was carried out for 

48 h. It should be mentioned that the polymerization was not complete after 24 h, which 

was observed by residual epoxide resonances in the 1H NMR spectrum. The 

polymerization was carried out in bulk, since previous studies showed isomerization of 

the allyl double bond using solvents and elevated temperature.31 Since isomerization has 

to be prevented in order to carry out thiol-ene coupling in the functionalization step, it 

was convenient that both monomers are liquids, hence handling was facile. The solvent-

free polymerization at 65 °C did not show any isomerized products, similar to the 

findings in literature.31 The second step was the cleavage of the acetal groups to obtain 

linPG units. This reaction was carried out with an acidic ion exchange resin and 2 N HCl 

in MeOH at RT for 24 h. Scheme 1 depicts the synthetic route for both steps including 

the oxyanionic copolymerization and the subsequent deprotection step to release the 

hydroxyl groups. 
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Scheme 1: Synthetic route for the oxyanionic ring-opening copolymerization of EEGE and 
AGE with cholesterol as an initiator, followed by acidic deprotection of the pendant 
hydroxyl groups under acidic conditions. 
 

This approach resulted in a series of polymers with varying amounts of allyl groups (25-

75 mol%) with relatively narrow polydispersity indices (Mw/Mn= 1.2-1.25) and controlled 

molecular weights between 3500 and 4500 g mol-1 (see Table 1). The targeted molecular 

weights were adjusted according to the molecular weights for PEG applied in “stealth” 

liposomes,15 since polymeric steric hindrance and effective anchoring of the cholesterol 

unit are still assured. 

Table 1: Compositions, molecular weights, polydispersity indices, glass transition 
temperatures (Tg), and critical micelle concentrations (CMC) for the synthesized allyl-
functional cholesterol-lipids. 

Composition 

(th) 

Composition 

(NMR) 

Mn
(th) 

g mol-1 

Mn
(NMR) 

g mol-1 

Mn
(SEC) 

g mol-1 

Mw/Mn
a Tg °C CMC 

mg L-1 

Ch-linPG20 Ch-linPG21 1870 1940 1700 1.19 -50 14.4 

Ch-linPG30-co-

PAGE10 

Ch-linPG29-co-

PAGE9 

3750 3560 2200 1.25 -51 18.8 

Ch-linPG20-co-

PAGE20 

Ch-linPG20-co-

PAGE19 

4150 4030 2050 1.20 -57 4.0 

Ch-linPG10-co-

PAGE30 

Ch-linPG10-co-

PAGE29 

4550 4430 2130 1.21 -64 n.s. 

Ch-PEG26-

linPG7-PAGE7 

Ch-PEG26-

linPG7-PAGE4 

2850 2500 2000 1.12 n.a. n.a. 

Ch-hbPG35-

PAGE13 

Ch-hbPG30-

PAGE10 

4460 3750 1530 1.63 n.a. 40.4 

n.s. This sample was not water soluble; n.a. Value not available 
aDetermined by SEC (DMF, PEG standard) 
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The degree of polymerization was determined using 1H NMR spectroscopy via 

integration of the methyl group of cholesterol (0.66 ppm, 3 H initiator). By integration of 

the acetal peaks of the protecting groups of EEGE (4.68 ppm, 3 H) and the double bond 

proton of AGE (5.87 ppm, 1 H), it was possible to calculate the degree of polymerization 

and composition. All values were in good agreement with expectation, showing that 

both epoxides were incorporated. Figure 2 depicts the 1H NMR spectrum before and 

after the acidic deprotection step. Between 0.60 ppm and 2.40 ppm, the alkyl protons of 

the cholesterol initiator are observed, and the cholesterol double bond signal is 

observed at 5.32 ppm. The polyether backbone can be discerned between 3.0 ppm and 

3.80 ppm, and the EEGE acetal group is observable at 4.68 ppm. Complete cleavage of 

the acetal groups can be proven by the disappearance of this resonance. The AGE 

double bonds generate a signal around 5.11 ppm (doublet), 5.22 ppm (doublet) and 

5.87 ppm (multiplet). The methylene group next to the double bond appears at 

3.98 ppm. Due to polymerization in bulk, no isomerization of the double bond was 

observed, which is favored for the coupling step of different thiols. 

 

Figure 2: 1H NMR spectrum in CDCl3 (400 MHz) before (upper, black) and after the acidic 
deprotection step of Ch-linPG20-co-PAGE19 (lower, blue) allowing the determination of 
the degree of polymerization for each monomer and showing the complete cleavage of 
the acetal groups. 
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Characterization via size exclusion chromatography (SEC) showed monomodal molecular 

weight distributions before and after acidic treatment. For the sample with 50 mol% 

EEGE units and 50 mol% AGE units, the SEC traces are exemplified in Figure 3. Ch-

PEEGE20-co-PAGE19 (black) represents the polymer in DMF with acetal protecting groups 

and Ch-linPG20-co-PAGE19 (blue) represents the amphiphile with pendant hydroxyl and 

allyl groups. The shift to lower molecular weight indicates successful cleavage of the 

EEGE protecting groups. A comparison of the molecular weights calculated by 1H NMR 

spectroscopy and the molecular weights determined by SEC (DMF, PEG standards) 

shows a general underestimation by SEC due to differences in the hydrodynamic radius 

of PEG and hydroxy-functional linPG (Table 1). Using MALDI-ToF MS the incorporation of 

both monomers, EEGE (deprotected 74 g mol-1) and AGE (114 g mol-1) in the polymer 

backbone could be verified (see Figure 4). The mass discrimination effect was 

observable, since the molecular weights are underestimated compared to the calculated 

molecular weights by 1H NMR spectroscopy.  

 
Figure 3: SEC elugram of Ch-PEEGE20-co-PAGE19 (black) and Ch-linPG20-co-PAGE19 (blue) 
in DMF. 

 
Figure 4: MALDI-ToF spectrum of Ch-linPG10-co-PAGE29 copolymer (Table 1, Sample 4) 
with Ag+ as counter ion and dithranol as matrix. 
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Thermal analysis via differential scanning calorimetry (DSC) gave an additional hint for 

the successful incorporation of both monomers. For comparison, Ch-linPG21 

homopolymer was investigated and a glass transition temperature (Tg) of -50 °C was 

determined (compare Table 1). With increasing amount of allyl groups at the polyether 

backbone, the Tg values decrease, which shows that with decreasing amount of hydroxyl 

groups the interaction via hydrogen bonds decreases concomitantly. This effect has 

already been observed for other copolymers of linPG.44 

The amphiphilic character of the polymers was investigated by surface tension 

measurements and the determination of the critical micelle concentration (CMC). 

Table 1 summarizes the CMC values, showing a clear trend that correlates with the 

polarity of the compounds. Ch-linPG21 with a CMC of 14.4 mg L-1 and Ch-linPG29-co-

PAGE9 showing a CMC of 18.8 mg L-1 prove that the latter sample is slightly more 

hydrophilic due to additional hydroxyl groups at the backbone. The CMC of 4.0 mg L-1 for 

Ch-linPG20-co-PAGE19 clearly reflects the influence of the hydrophobic allyl groups. The 

hydrophobicity of the AGE repeating units also explains why Ch-linPG10-co-PAGE29 was 

not water soluble. The most interesting sample for the liposome formation purpose is 

Ch-linPG29-co-PAGE9, since it combines excellent water solubility with a high amount of 

allyl groups that can be functionalized in order to form modified lipids. The 

hyperbranched polymer Ch-hbPG30-PAGE10 shows the highest CMC value (40.4 mg L-1), 

since it represents the most hydrophilic sample in Table 1.  

 

Synthesis and characterization of Ch-PEG26-linPG7-graft-PAGE4 and Ch-hbPG30-graft-

PAGE10 

Multifunctional poly(ethylene glycol)s (mfPEGs) combine the advantages of PEG, i.e., the 

reduced aggregation and opsonization with the benefits of additional functional 

groups.45 With these objectives in mind, block copolymerization of ethylene oxide (EO) 

(PEG spacer), EEGE, and AGE has also been carried out. The cholesterol-alkoxide was 

used as an initiator for the anionic ROP of EO, followed by the addition of EEGE. After 

acidic deprotection, the macroinitiator could be used for the addition of AGE. In order to 

prevent isomerization of the double bond, the reaction was stirred for three days at 

room temperature. This reaction route led to Ch-PEG26-linPG7-graft-PAGE4 with a low 

polydispersity index of 1.2 and a molecular weight of 2500 g mol-1 (SEC= 2040 g mol-1). 
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We aimed at a composition of 7 AGE groups per polymer, however, only 4 AGE groups 

were detected via 1H NMR spectroscopy. Obviously, the more favorable bulk 

polymerization of AGE can lead to quantitative conversion, whereas at room 

temperature the reactivity of the system might not be high enough to reach complete 

conversion within three days.  

Scheme 2: Synthetic strategy for the linear, allyl-functional Ch-PEG26-linPG7-graft-PAGE4. 

In order to increase the number of hydroxyl groups and to enhance steric hindrance of 

the polyether segment, allyl groups were also introduced into more bulky polymers. To 

this end, Ch-PGG5 (polyglyceryl glycidyl ether) was used as a macroinitiator for the slow 

monomer addition of glycidol, followed by the addition of AGE. The macroinitiator was 

synthesized by using 1,2-isopropylidene glyceryl glycidyl ether (IGG) in diglyme with 

subsequent deprotection of the acetonide protecting groups under acidic conditions. 

The DPn of PIGG was determined by comparison of the methyl group signal of 

cholesterol at 0.63 ppm with the acetal signal of PIGG at 4.14 ppm before acidic 

treatment. Hence, the molecular weight was determined to be 1130 g mol-1 (5 repeating 

units). SEC revealed a molecular weight of 730 g mol-1 and a PDI of 1.52. For low degrees 

of polymerization, this relatively high PDI can be explained by statistic considerations.46-

48 The synthesis of a short macroinitiator with multiple hydroxyl groups (in this case 2 

per monomer unit) is crucial for the subsequent hypergrafting process of glycidol, since 

with increasing number of initiating groups, the PDI can be lowered and 

homopolymerization of glycidol can be prevented.49 The slow addition of glycidol was 

carried out as described in the literature22 with an additional step for the subsequent 

oxyanionic ROP of AGE at room temperature. This straightforward one-pot route allows 

for the introduction of allyl groups in the periphery of hyperbranched polyether 
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structures, aiming at orthogonal, multifunctional amphiphiles (see Figure 1 and 

Scheme 3). Using this strategy, Ch-hbPG30-PAGE10 was synthesized with a molecular 

weight of 1530 g mol-1 (SEC) and a PDI of 1.63, which is reasonable for hyperbranched 

systems. Figure 5 shows the SEC elugram of the macroinitiator Ch-PGG5 (dashed line) 

and Ch-hbPG30-graft-PAGE10 (solid line) with a clear shift to lower elution volume, which 

translates to higher molecular weights compared to the macroinitiator. Molecular 

weights of hyperbranched structures determined by SEC are commonly underestimated 

due to multiple hydroxyl groups and the globular structure (hydrodynamic radius) 

compared to the SEC standard PEG. 

Scheme 3: Synthetic scheme for the preparation of the macroinitiator Ch-PGG5 and 
hypergrafting of glycidol and AGE (consecutively) leading to Ch-hbPG30-graft-PAGE10 
(SMA= slow monomer addition). 

 

Figure 5: SEC elugram of Ch-PGG5 (macroinitiator, dashed line) and Ch-hbPG30-PAGE10 
(solid line). 
 

Synthesis and characterization of thiol-functionalized cholesterol-lipids 

The allyl groups at the polymer lipid backbone were used for further derivatization with 

two different thiols, i.e., benzyl mercaptan and glutathione reduced (GSH) (Scheme 4). 

Thiol coupling was chosen, since thiols are common functional groups in many biological 

molecules. In this proof-of-principle study, we demonstrate successful covalent 
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attachment of a small molecule, i.e, benzyl mercaptan with little steric hindrance and 

the biologically active tripeptide (GSH), which is sterically more demanding. Small 

molecules and peptides play a key role for targeted drug-delivery vehicles.  

The thermally cleavable radical initiator azobisisobutyronitrile (AIBN) was used in thiol-

ene coupling reactions, and the respective thiol was used in excess (10 eq.) in order to 

suppress cross-linking of the thiol groups.30 Residual low molecular weight compounds 

and DMF were successfully removed by dialysis.  

Scheme 4: Synthetic route for the functionalization of the pendant allyl groups of Ch-
linPGn-co-PAGEm by thiol-ene coupling, using either benzyl mercaptan or glutathione 
(green ellipse).  
 

Table 2: Composition, molecular weights, and polydispersity indices for the synthesized 
Ch-linPGn-co-PAGEm copolymers with pendant benzyl thioether or GSH moieties.  
 

Composition (th) Composition (NMR) Mn 
(NMR) 

g mol-1 

Mn 
(th) 

g mol-1 

Mn (SEC) 

g mol-1 

PDI (SEC) 

Ch-linPG29-co-

PAGE9-Benzyl9 

Ch-linPG29-co-

PAGE9-Benzyl9 

4680 4680 2760 

 

1.30 

Ch-linPG29-co-

PAGE9-GSH9 

Ch-linPG29-co-

PAGE9-GSH3 

6320 4480 - - 

Ch-PEG26-linPG7-

graft-PAGE7-GSH4 

Ch-PEG26-linPG7-

graft-PAGE4-GSH2 

3120 3400 5300 a 1.32 a 

Ch-hbPG30-graft-

PAGE10-Benzyl10 

Ch-hbPG30-graft-

PAGE10-Benzyl10 

4990 4990 3200 1.29 

Ch-hbPG30-graft-

PAGE10-GSH10 

Ch-hbPG30-graft-

PAGE10-GSH3 

6820 4670 5960 a 1.33 a 

a Values obtained from aqueous SEC. 
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The functionalized amphiphiles were characterized by 1H NMR spectroscopy and SEC in 

DMF and aqueous solution. Via 1H NMR spectroscopy the conversion with benzyl 

mercaptan was calculated by the integration of the methyl group of cholesterol at 

0.66 ppm (-CH3) and the aromatic peaks around 7.30 ppm (Figure 6, Table 2). The AGE 

double bond proton at 5.87 ppm vanished completely in the case of benzyl mercaptan 

attachment, indicating quantitative conversion. SEC in DMF revealed a narrow molecular 

weight distribution (PDI=1.3; Mn=2760 g mol-1). An additional UV-signal, due to the 

benzyl groups, superimposed with the RI-signal (Figure 7). Of the linear copolymers, only 

Ch-linPG29-PAGE9 was treated with benzyl mercaptan, since transformation of the other 

materials with higher content of allyl groups would lead to a higher degree of benzyl 

functionalization, resulting in more hydrophobic polymers with only limited aqueous 

solubility. Additionally, for drug-targeting, only a low degree of functionalization is 

necessary, because marker-receptor binding is highly specific and the polymer backbone 

needs to stay water soluble in order to maintain “stealth” behavior. For the 

hyperbranched cholesterol-amphiphile Ch-hbPG30-PAGE10, the thiol-ene coupling was 

carried out in the same way as for the linear analogues, leading to a UV-signal in SEC 

measurements and a PDI of 1.29. The lower PDI compared to the hyperbranched lipid 

without the benzyl groups can be explained by the dialysis purification step, in which 

low molecular weight fractions may have been separated from the main fraction.  

 

Figure 6: 1H NMR spectrum in MeOD (400 MHz) before (upper) and after (lower) the 
thiol-ene coupling of benzyl mercaptan to Ch-linPG29-PAGE9. 
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Figure 7: SEC elugrams of Ch-linPG29-co-PAGE9 (RI-signal, dashed) and Ch-linPG29-co-
PAGE-Benzyl9 (RI-signal, straight; UV-signal, dotted) in DMF. 
 

The conjugation of allyl-functionalized lipids with GSH turned out to be more challenging 

compared to low molecular weight benzyl mercaptan, since GSH is a sterically 

demanding tripeptide (307 g mol-1). The coupling to Ch-linPG29-co-PAGE9, Ch-PEG26-

linPG7-graft-PAGE4, and Ch-hbPG30-graft-PAGE10 could not be driven to quantitative 

conversion, although 10 equiv. of GSH were used, which may be due to steric hindrance 

of the bulky tripeptide Nevertheless, 1H NMR spectroscopy showed no resonances of 

remaining allyl groups. Unreacted allyl groups may have isomerized or crosslinked 

intramolecularly. SEC showed no high molecular weight traces, so intermolecular 

crosslinking can be excluded. In general, the interpretation of 1H NMR spectra for those 

conjugates was challenging and integration of the GSH integrals may be imprecise, since 

the significant signals of GSH overlap with the polyether backbone and the cholesterol 

moiety. Therefore, the GSH amine group was taken into account for the calculation of 

the number of attached tripeptides (1H NMR spectra see Supporting Information). It was 

estimated that at every 3rd allyl group one GSH unit was successfully attached, which in 

general should be sufficient for liposome targeting in vivo, since receptor-mediated 

targeting is very sensitive.50 SEC characterization in DMF for Ch-hbPG30-graft-PAGE10-

GSH was not successful, since reduced solubility in DMF and interactions with the 

column material occurred. However, the polymer-peptide conjugates were soluble in 

water and aqueous SEC exhibited narrow polymer molecular weight distributions below 

1.35. (Table 2; aqueous SEC traces see Figure S1, Supporting Information). 
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Cryo-TEM und DLS 

Liposome characterization 

Liposomes consisting of Ch-hbPG30-graft-PAGE10-GSH4, EPC, and cholesterol were 

prepared by the thin film hydration method and extrusion through a polycarbonate 

membrane. Dynamic light scattering (DLS) was performed to evaluate the size and 

polydispersity of the vesicles, which was calculated by the mean value of three 

measurements and was determined to be 0.054. The mean size was determined to be 

153 nm, which is in good agreement with the membrane pores that were used (smallest: 

100 nm). Cryo-transmission electron microscopy (cryo-TEM) was exploited to visualize 

the shape of the liposomes. The cryo-TEM image (Figure 8) shows that the lipid-polymer 

vesicles form unilamellar liposomes and demonstrates that nearly all vesicles are 

spherical. The estimated liposome sizes are in good agreement with the values obtained 

from DLS. The results indicate that GSH-modified cholesterol-based lipids incorporate 

into the lipid bilayer of vesicles and that a small tripeptide does not impede liposome 

formation. This is an important result as it is a prerequisite for the successful 

incorporation of targeting moieties via the strategy presented here, which is a key step 

for future development of this area. 

 

Figure 8. Cartoon and cryo-TEM image of liposomes consisting of Ch-hbPG30-graft-
PAGE10-GSH4, EPC, and cholesterol (5:55:40 mol%), scale bar 200 nm.  

 

Conclusion 

 

This study demonstrates the introduction of allyl groups into hydroxy-functional 

cholesterol-lipids via straightforward oxyanionic ring-opening polymerization of various 

epoxides such as allyl glycidyl ether (AGE). By selective combination of such epoxides the 
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following lipid architectures were achieved: i.) linear polyglycerol with pendant hydroxyl 

and allyl groups, ii.) block copolymers of PEG-linear polyglycerol with allyl groups 

grafted-from the polymer backbone, and iii.) hyperbranched polyglycerol with allyl 

groups at the corona. Via the solvent-free polymerization of AGE and EEGE, 

isomerization of the allyl double bond was avoided as proven by 1H NMR spectroscopy. 

Maintaining the allyl double bonds is a crucial requirement for the subsequent thiol-ene 

coupling step for further functionalization. 1H NMR spectroscopy and MALDI-ToF MS 

characterization gave evidence of the incorporation of cholesterol as initiator and the 

presence of AGE groups in the polymer. The double bonds were used in thiol-ene 

coupling reactions with benzyl mercaptan and glutathione (GSH), in which benzyl 

mercaptan resulted in full conversion, whereas GSH could not be attached 

quantitatively. Nevertheless, the AGE containing amphiphiles carry multiple 

functionalities and offer extraordinary possibilities for the attachment of, e.g., targeting 

moieties. As an example, the hyperbranched lipid Ch-hbPG30-graft-PAGE10-GSH4 was 

successfully used in liposome formation. Ongoing studies concerning the in vivo 

distribution and the potential cross-linking behavior of the double bonds in the 

stabilizing polymeric shell of liposomes will be presented in the near future.  
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Supporting Information  

 

Figure S1. Aqueous MALS measurement of Ch-linPG29-co-PAGE9-GSH3 with RI signal 

(blue), light scattering signal (red) and molar mass (black).  

 

Figure S2. 1H NMR spectrum of Ch-linPG29-co-PAGE9-GSH3 in MeOD (400 MHz). 
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Glutathione conjugated lipid Ch-linPG29-co-PAGE9-GSH3 

Due to micelle formation of the amphiphile, the cholesterol peaks are not visible, which 

makes the peak assignment more facile. The assignment was compared to the 

literature.1  

1H NMR (400 MHz, D2O) δ = ppm, 4.51 (1H, CHCH2S), 3.91 (2H, Gly-CH2), 3.80-3.44 

(backbone, Glu-CH, CH2OCH2CH2CH2S), 3.32 (s, 3H, H3CO), 3.05-2.76 (2H, CHCH2S), 2.59 

(2H, CHCH2SCH2), 2.49 (2H, Glu-CH2CO), 2.12 (2H, Glu -CHCH2), 1.81 (2H, OCH2CH2CH2S), 

1.20 (3H, H3CCHS). 

 

Figure S3. 1H NMR spectrum of Ch-linPG29-co-PAGE9-GSH3 in D2O (400 MHz). 
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Figure S4. HSQC spectrum of Ch-linPG29-co-PAGE9-GSH3 in MeOD (400 MHz). 

Figure S5. Zoom-In: HSQC spectrum of Ch-linPG29-co-PAGE9-GSH3 in MeOD (400 MHz). 
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Figure S6. 1H NMR spectrum of Ch-hbPG30-graft-PAGE10-GSH3 in MeOD (400 MHz). 
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Abstract 

 

The introduction of acid-degradable acetal moieties in hyperbranched polyether-based 

lipids was achieved via copolymerization of the epoxide inimer 1-(glycidyloxy)ethyl 

ethylene glycol ether (GEGE) and glycidol in the anionic ring-opening polymerization. 

Cholesterol-linear polyglycerol was used as the macroinitiator, resulting in branched 

polyethers with an adjustable amount of acid-cleavable units. Random copolymerization 

led to Ch-P(GEGEx-co-Gy) copolymers, whereas sequential copolymerization led to Ch-

P(GEGEx-b-Gy) amphiphiles. The amount of GEGE was tuned between 8-49 mol% 

compared to the total amount of monomer units. In addition, hyperbranched polyethers 

with exactly one acetal unit were prepared using glycol-1-(cholesteryloxy)ethylether as 
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the initiator for the polymerization of allyl glycidyl ether (AGE) in bulk. Subsequent thiol-

ene coupling of mercaptoethanol resulted in the hydroxyl functional macroinitiator used 

for the polymerization of glycidol. The novel polyether-based lipids were characterized 

in detail by 1H NMR spectroscopy and size exclusion chromatography, revealing narrow 

to moderate molecular weight distributions. Degradation was achieved at pH 2. 

Shedding of the liposome was proven by using the linear analogue α-(1-

(cholesteryloxy)ethoxy)-ω-hydro-PEG-CH2-C≡CH with one cleavable group and a 

fluorescent label, Atto 488 azide. Investigation on the acetal-cleavage under acidic pH 

(7.4-2.0) via fluorescence spectroscopy was carried out. 

 

Introduction 

 

Drug delivery vehicles, such as liposomes, are well known carriers, especially in anti-

cancer treatment.1,2 Liposomes consist of amphiphilic phospholipids that form spherical 

vesicles in aqueous solution. Effective delivery systems enable an important step 

towards minimizing undesired properties of extremely toxic drugs, such as doxorubicin, 

on healthy tissue. Disadvantages like cardiotoxicity of doxorubicin and short circulation 

times can be avoided. The use of poly(ethylene glycol) (PEG) as a polymer shell at the 

liposome surface has become a popular approach to create long-circulating liposomes.3,4 

These systems are also called sterically stabilized or “stealth” liposomes, since the 

PEGylated liposomes obtain extraordinary properties due to the water-soluble and 

flexible polymer chains. The presence of PEG results in prolonged blood circulation 

times,5,6 reduced mononuclear phagocyte system (MPS) uptake,7 reduced aggregation of 

the carriers and increasing colloidal stability.8 Nevertheless, the gold standard PEG 

possesses drawbacks that need to be overcome in advanced drug delivery systems. 

Having reached the target tissue and cells, the PEG shell can prevent the liposome from 

penetrating into cells or escaping from the endosome after endocytosis (PEG 

dilemma).9,10 Currently established drug delivery systems that are based on such 

liposomes fail to release the drug actively and rely on passive diffusion or slow and non-

specific liposome degradation. Ideally, PEGylated liposomes profit from the enhanced 

permeability and retention (EPR) effect,11 and are stable under physiological pH (pH 7.4). 
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Preferentially, the polymer coating would be detached under local pathological 

conditions such as low pH, leading to destabilization and release of the cargo. The 

slightly acidic environment in endosomes, tumor tissues, or inflammatory tissue is one 

of the main differences to healthy tissue. Endocytic pathways lead to a drop from a 

neutral pH to pH 6 in late endosomes and pH 4 in lysosomes.12,13 Cancer and 

inflammatory tissue also exhibit acidic pH around pH 6.5.14 A perfectly tuned pH-

sensitive nanoparticle would shed the polymer coating and thus enable membrane-

membrane fusion and internalization. Fusion with the endosomal membrane is 

especially important for the release of a cargo into the cytoplasm.15,16 This escape is 

crucial for acid-degradable cargo such as small interfering RNA (siRNA), proteins or acid-

labile drugs.17 The need for “stealth” liposomes that are stable under physiological 

conditions, but release their content at decreased pH at the site of action is proposed in 

an increasing number of publications in this field.  

In the present work, we focus on pH-sensitive linkages between PEG and a hydrophobic 

anchor group which stabilizes the amphiphile in the phospholipid bilayer. Several 

examples have been reported for controlled release including acetals,18,19 

vinylethers,20-22 (di-)ortho esters,23-25 hydrazones,26-28 and esters (e.g. succinates).29,30  

The second drawback of PEG is its lack of functional groups. Methoxypoly(ethylene 

glycol) (mPEG), that is commonly used for the linkage to phospholipids or cholesterol, 

does not possess additional functional groups for derivatization. However, functional 

groups are important for the attachment of markers, antibodies or proteins for “active” 

tumor targeting.31 Our group has introduced multifunctional polyether-based lipids 

synthesized from an epoxide “construction kit”.32-34 By using cholesterol directly as the 

initiator for the oxyanionic ring-opening polymerization (ROP) of various epoxides 

(ethylene oxide (EO), ethoxyethyl glycidyl ether (EEGE), isopropylidene glycidyl glyceryl 

ether (IGG), and glycidol), a variety of tailor-made architectures like linear, 

hyperbranched or linear-hyperbranched polyether amphiphiles can be obtained. The 

hyperbranched structures can be realized by using glycidol in the ring-opening 

multibranching technique via slow monomer addition (SMA) of the AB2 monomer to a 

multihydroxy-precursor. With this method reproducible and narrowly distributed 

hyperbranched polyglycerol (hbPG) derivatives can be obtained.35 Furthermore, the 

number of hydroxyl groups can be accurately tuned by the amount of glycidol utilized. 



2.2 Tackling the Biodegradability of Hyperbranched Polyether-Lipids 
 

115 

HbPG has been extensively studied in drug delivery applications and as a biorepellent 

material due to its extraordinary biocompatibility,36-38 multifunctionality and water-

solubility.39 Similar to the abovementioned PEG-lipids, its non-biodegradability can be an 

issue in special applications. To overcome this drawback, pH-sensitive polyether 

polyketals with tunable degradation in solution were synthesized by Kizhakkedathu and 

coworkers.40-42 Hyperbranched acetal-containing polyethers were introduced by our 

group using the epoxide inimer 1-(glycidyloxy)ethyl ethylene glycol ether (GEGE) in a 

copolymerization reaction with glycidol.43 

In the present study, we combine the benefits of multifunctional polyether-based lipids 

with the degradability of pH-sensitive acetal-containing polyglycerol. In all cases, 

cholesterol moieties were employed as the hydrophobic part of the amphiphilic 

structure, guaranteeing strong interaction with the phospholipid bilayer of liposomes. In 

the first strategy, we show the synthesis of hyperbranched acetal-containing 

polyglycerol by using GEGE and glycidol in a random copolymerization or a sequential 

polymerization (Figure 1a, Scheme 1). In the second approach, we expand the concept 

of glycol-1-(cholesteryloxy)ethylether recently presented by our group.18 This initiator is 

used for the polymerization of AGE, subsequent thiol-ene coupling with 2-

mercaptoethanol followed by the polymerization of glycidol. This pathway results in 

either linear multihydroxy-functional polyethers or hyperbranched polyethers having 

exactly one acetal group between the cholesterol anchor and the polymer chain 

(Figure 1b, Scheme 2). In the third case, the scope of α-(1-(cholesteryloxy)ethoxy)-ω-

hydro-PEG is expanded by the functionalization with propargyl bromide followed by 

copper-catalyzed cycloaddition with Atto 488 azide. Acidic cleavage of the acetal group 

in functionalized liposomes was investigated via fluorescence spectroscopy. The 

shedding process could be monitored by fluorescence emission of the dye Atto 488 

(Figure 1c, Figure 8).  

With these different polymer systems comprising multiple or single acetal groups in 

hand, we introduce a platform of lipids that combine desired lipid pH-responsiveness 

with multifunctionality for drug delivery applications.  
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Figure 1: a.) Synthesis of hyperbranched polyglycerol lipids containing multiple acetal 
groups by using GEGE and glycidol in a random copolymerization or a sequential 
polymerization. b.) hyperbranched polyether lipids having exactly one acetal group 
starting from glycol-1-(cholesteryloxy)ethylether. c.) linear PEG lipids with one cleavable 
group functionalized with the fluorescence dye Atto 448. 
 

Experimental 

 

Methods 

1H NMR spectra (300 MHz and 400 MHz) were recorded using a Bruker AC300 or a 

Bruker AMX400, employing CD2Cl2, MeOD, or THF-d8 as solvent. All spectra were 

referenced internally to residual proton signals of the deuterated solvent. Size exclusion 

chromatography (SEC) measurements were carried out in dimethylformamide (DMF) 

with 0.25 g L-1 LiBr on PSS HEMA columns (300/100/40). For SEC measurements UV 

(275 nm) and RI detectors were used. Calibration was carried out using poly(ethylene 

glycol) (PEG) standards provided by Polymer Standards Service (PSS). Matrix-assisted 

laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF MS) 

measurements were performed on a Shimadzu Axima CFR MALDI-ToF mass 

spectrometer equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. 

Dithranol was used as a matrix. The sample was prepared by dissolving the polymer in 

methanol at a concentration of 10 g L-1. A 10 µL aliquot of this solution was added to 
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10 µL of a 10 g L-1 solution of the matrix and 1 µL of a solution of potassium 

trifluoroacetate (KTFA) (0.1 M in methanol as a cationization agent). A 1 µL aliquot of 

the mixture was applied to a multistage target, methanol evaporated and a thin 

matrix/analyte film created.  

 

Liposome Preparation 

Liposomes bearing acetal-containing cholesterol-based amphiphiles were prepared as 

described previously.44,45 Briefly, 32.5 µl of phosphate buffered saline (PBS) (137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) was added to 17.5 mg of a 

dried lipid film consisting of cholesterol (Carl Roth), egg phosphatidyl choline (EPC, kindly 

provided by Lipoid) and α-(1-(cholesteryloxy)ethoxy)-ω-Hydro-PEG46-CH2C≡CH (40:55:5 

molar ratio) and 250 mg ceramic beads (SiLiBeads ZY 0.6-0.8 mm, kindly provided by 

Sigmund Lindner, Warmensteinach, Germany). Non-cleavable liposomes were prepared 

with an equivalent cholesterol-PEG-CH2C≡CH compound. After dual centrifugation in a 

Rotanta 400 centrifuge (customized with a prototype DC-rotor, Hettich, Tuttlingen, 

Germany) for 20 min at 2500 RPM and dilution with 100 µl PBS, 5 µl of the liposome 

suspension were exposed to click-modification with 50 µM Atto 488 azide (Atto-Tec, 

Siegen, Germany) in Milli-Q water (to a total volume of 40 μl), phosphate buffer (5.3 mM 

NaH2PO4, 94.7 mM Na2HPO4) pH 8, Tris(hydroxypropyltriazolylmethyl)amine (THPTA) 

(0.5 mM), CuSO4 (0.1 mM) and sodium ascorbate (2.5 mM) and subsequent gel filtration 

through Sepharose 2B. 

Liposome size was obtained via dynamic light scattering (DLS) on a Malvern Zetasizer 

Nano ZS, using disposable poly(styrene) cuvettes (Sarstedt, Germany). 1 µl of liposome 

stock suspension was diluted in 1 ml PBS. After equilibration to 25 °C, three 

measurements were performed, using the internal measurement optimization for both 

attenuator and measurement position. Refractive index (RI) and viscosity of the 

dispersant was set to 1.330 and 0.8872 cP, the RI of the particle to 1.59. The absorption 

of the particle was set to 0.01 and all measurements were performed at a scattering 

angle of 173°. 

Cleavage of the polymeric liposome shell was observed via fluorescence spectroscopy on 

a FP-6500 spectrofluorimeter (Jasco, Tokyo, Japan) at 488 nm excitation wavelength and 

523 nm emission wavelength during a time course measurement with a data interval of 
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1 min. 50 µl of purified liposomes were combined with 3 ml PBS in a 1 cm3 quartz glass 

cuvette (Hellma Analytics, Müllheim, Germany) with a magnetic stirrer. After 

equilibration for 12 h at 37 °C, the pH of the suspension was adjusted by addition of 

50 µl 2 M hydrochloric acid (HCl) (pH 2), 20 µl 2 M HCl (pH 3) or 15 µl 2 M HCl (pH 5.5). 

Fluorescence intensity was normalized to the intensity at the beginning of acidification. 

 

Syntheses and Reagents  

All reagents and solvents were purchased from Acros and used as received, unless 

otherwise mentioned. Anhydrous solvents were stored over molecular sieves and were 

purchased from Aldrich. Deuterated solvents were purchased from Deutero GmbH, and 

stored over molecular sieves. Cholesterol was purchased from Acros and stored at 8 °C. 

Ethoxyethyl glycidyl ether (EEGE) was synthesized as described in the literature46, dried 

over CaH2 and cryo-transferred prior to use. Glycidol and N-Methyl-2-pyrrolidon (NMP) 

were purified by distillation from CaH2 directly prior to use. 1-(Glycidyloxy)ethyl ethylene 

glycol ether (GEGE) was synthesized according to the literature.43 To release the 

hydroxyl group in the final reaction step, the benzyl protecting group was removed using 

catalytic hydrogenation (Pd(OH)2/C, 10wt%). The product was purified by column 

chromatography in ethyl acetate. Glycol-1-(Cholesteryloxy)ethylether and α-(1-

(cholesteryloxy)ethoxy)-ω-Hydro-PEG46 were synthesized following reported 

procedures.18 Propargyl bromide (0.8 M in toluene) was stored at 4 °C and used as 

received. Allyl glycidyl ether (AGE) was purchased from Acros Organics, dried over CaH2 

and cryo-transferred prior to use. Azobisisobutyronitrile (AIBN, Acros) was recrystallized 

from MeOH. 2-Mercaptoethanol (Acros) was stored at 5 °C and was used as received.  

 

Etherification of α-(1-(cholesteryloxy)ethoxy)-ω-hydro-PEG46 with propargyl bromide. 

α-(1-(Cholesteryloxy)ethoxy)-ω-Hydro-PEG46 (0.4 g, 0.16 mmol) was dissolved in 

anhydrous THF (7 mL), and sodium hydride (9.6 mg, 0.4 mmol) was slowly added under 

an argon stream at 0 °C. The reaction mixture was stirred for 30 min and after slow 

addition of propargyl bromide (0.17 mL, 0.6 mmol) allowed to warm up to room 

temperature. The reaction was stirred at room temperature for 24 h and was filtered. 

Removal of the solvent in vacuo and precipitation in cold diethyl ether resulted in the 

pure product. Yield: 90%. 
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1H NMR (400 MHz, CD2Cl2): δ (ppm) = 5.34 (C=CH cholesterol), 4.79 (H3C-CHO2, acetal 

group), 4.18 (-OCH2C≡CH), 3.80-3.40 (polyether backbone; CHO cholesterol), 2.49 

(-C≡CH), 2.27-0.82 (CH2, CH cholesterol), 0.68 (-CH3 cholesterol).  

 

Macroinitiator: Cholesterol initiated linear poly(glycerol) (Ch-linPG20; Ch-linPG13). 

Cholesterol (2.0 g, 5.2 mmol), CsOH monohydrate (0.782 g, 4.7 mmol, 90% of 

deprotonation) and benzene (8 mL) were placed in a Schlenk flask. The mixture was 

stirred at 60 °C for about 30 min to generate the cesium alkoxide. The salt was then 

dried under vacuum at 90 °C for 24 h. The salt was suspended in 60 mL anhydrous 

dioxane, the monomer EEGE was added (5.5 mL, 36 mmol, 7 eq.) and the mixture was 

heated up to 80 °C for 24 h. A sample was removed for NMR and SEC analysis, the 

polymerization was stopped via addition of an excess of methanol and the acetal 

protecting groups of PEEGE were cleaved by the addition of an acidic ion-exchange resin 

(Dowex 50WX8) and 2 N HCl, stirring for 24 h at RT. The solution was filtered, 

concentrated, and the crude product was precipitated twice in cold diethyl ether. The 

block copolymer was dried under vacuum. Yield: ~80%. 

No 1H NMR spectrum was measured before the deprotection step, because residual 

cholesterol was detected in SEC diagrams, leading to incorrect integration of the 

resonances.  

1H NMR (300 MHz, MeOD-d4): δ (ppm) = 5.37 (C=CH cholesterol), 3.80-3.40 (polyether 

backbone; CHO cholesterol), 2.40-0.82 (CH2, CH cholesterol), 0.72 (-CH3 cholesterol). 

 

Ch-Poly(1-(glycidyloxy)ethyl ethylene glycol ether-co-glycerol) Ch-P(GEGE-co-G).  

For random copolymerization of GEGE and glycidol Ch-linPG20 was used, and for 

sequential copolymerization (block copolymers) Ch-linPG13 was used as the 

macroinitiator. General procedure for the copolymerization of glycidol and GEGE: Ch-

linPG13 (0.20 g, 0.15 mmol), CsOH monohydrate (10% of OH groups, 0.035 g, 0.21 mmol), 

and 1.2 mL of benzene were placed in a Schlenk flask and stirred for 30 min at 60 °C. All 

solvents were removed under reduced pressure, and the initiator salt was dried at 90 °C 

for at least 4 h under high vacuum. The initiator salt was dissolved in NMP and a mixture 

of glycidol in NMP and GEGE in NMP was slowly added under argon atmosphere using a 

syringe pump. For random copolymerization the monomers were mixed in NMP and 
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slowly added, whereas for block copolymers, GEGE in NMP was added before glycidol in 

NMP was added. The reaction was terminated by the addition of an excess of methanol. 

The mixture was concentrated and precipitated (2–4 times) into an excess of cold diethyl 

ether. Yield: 60-75%.  

1H NMR (300 MHz, MeOD-d4): δ (ppm) = 5.38 (C=CH cholesterol), 4.79 (H3C-CHO2, GEGE 

acetal group), 3.80-3.40 (polyether backbone; CHO cholesterol), 2.36-0.87 (CH2, CH 

cholesterol), 1.32 (H3C-CHO2, GEGE), 0.72 (-CH3 cholesterol). 

 

α-(1-(Cholesteryloxy)ethoxy)-ω-hydro-Poly(allyl glycidyl ether) in bulk. 

Glycol-1-(Cholesteryloxy)ethylether (0.3 g, 0.63 mmol), CsOH monohydrate (0.095 g, 

0.57 mmol; degree of deprotonation 90%), and benzene (8 mL) were placed in a Schlenk 

flask. The mixture was stirred for about 30 min at 60 °C to generate the cesium alkoxide. 

The salt was then dried under vacuum at 90 °C for 3 h. The monomer AGE was added 

(1.45 mL, 12.6 mmol, 20 eq.) and the mixture was heated up to 65 °C for 24 h. The 

polymerization was stopped using an excess of methanol. Yield: ~98%. 

Ch-OCHCH3O-PAGE20: 1H NMR (300 MHz, CD2Cl2): δ (ppm) = 5.93 (-CH2CH=CH2, allyl), 

5.39 (C=CH cholesterol), 5.33-5.17 (-CH2CH=CH2, allyl), 4.82 (H3C-CHO2, acetal group), 

4.01 (-CH2CH=CH2), 3.80-3.39 (polyether backbone; CHO cholesterol), 2.32-0.88 (CH2, CH 

cholesterol), 1.30 (H3C-CHO2), 0.72 (-CH3 cholesterol). 

 

Thiol-ene coupling of Ch-OCHCH3O-PAGE20 with 2-mercaptoethanol. 

Ch-OCHCH3O-PAGE20 (0.3 g, 0.1 mmol), 270 mg AIBN (0.75 eq. for each allyl group), and 

2-mercaptoethanol (1.55 mL, 22 mmol, 10 eq. of allyl groups) were dissolved in 10 mL 

DMF. After three freeze-pump-thaw cycles, the mixture was stirred at 75 °C for 24 h. For 

purification, the reaction mixture was dialyzed against MeOH (MWCO = 1000 g mol-1) for 

two days and dried under vacuum to give the polymer with a sticky appearance. 

Yield: 83%. 

1H NMR (400 MHz, THF-d8): δ (ppm) = 5.34 (C=CH cholesterol), 4.81 (H3C-CHO2, acetal 

group), 4.00-3.30 (polyether backbone; CHO cholesterol), 2.72-2.40 (-CH2SCH2), 1.83 

(-CH2CH2S), 2.37-0.87 (CH2, CH cholesterol), 0.72 (- CH3 cholesterol). 
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Hypergrafting of glycidol onto Ch-OCHCH3O-thiol-coupling20. The macroinitiator Ch-

OCHCH3O-thiol-coupling20 (0.2 g, 0.05 mmol), CsOH monohydrate (20% of OH groups, 

0.033 g, 0.19 mmol), and benzene were placed in a Schlenk flask and stirred for 30 min 

at 60 °C. All solvents were removed under reduced pressure and the initiator salt was 

dried at 90 °C for 24 h under vacuum. The initiator salt was dissolved in 0.5 mL NMP and 

glycidol in NMP (0.5 mL, 20 wt%) was slowly added under argon atmosphere using a 

syringe pump. The reaction was terminated by the addition of excess of methanol. The 

mixture was concentrated and precipitated into an excess of cold diethyl ether. Residual 

NMP could be removed by drying under vacuum and washing with CH2Cl2. Yield: 80%.  

1H NMR (400 MHz, DMSO-d6): δ (ppm) = 5.32 (C=CH cholesterol), 5.11 (-OH) 4.81 (H3C-

CHO2, acetal group), 3.90-3.20 (polyether backbone; CHO cholesterol), 2.65-2.52 

(-CH2SCH2), 1.74 (-CH2CH2S), 2.40-0.84 (CH2, CH cholesterol), 0.65 (-CH3 cholesterol). 

 

Results and Discussion 

 

Synthesis of Amphiphilic Hyperbranched Lipids with Multiple Acid-Cleavable Moieties 

Hyperbranched polyether-lipids with multiple pH-responsive acetal groups were 

prepared by oxyanionic ring-opening polymerization using cholesterol as the initiator. 

After deprotonation with cesium hydroxide, the alkoxide was used for the 

polymerization of ethoxyethyl glycidyl ether (EEGE) with subsequent acidic deprotection 

of the EEGE protecting group (Scheme 1).  

Molecular weights for the macroinitiators were between 1300 and 1900 g mol-1 (Table 1) 

according to 1H NMR spectroscopy, with the usual underestimation by size exclusion 

chromatography (SEC). The linear polyglycerol repeating units were calculated by 

comparing the methyl group of cholesterol (0.72 ppm) and the polyether backbone 

resonances after acidic deprotection of the acetal protecting groups from the EEGE 

moieties. Molecular weights calculated by 1H NMR spectroscopy for both macroinitiators 

were higher than the theoretical values. We aimed at seven glycerol units per 

macroinitiator, however, 20 and 13 units were obtained, respectively. Fast proton 

exchange results in the protonated form of cholesterol and deprotonated adducts of 

initiator and the first monomer unit.47-49 This leads to different kinetics in the initiation 
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step and the propagation step, since the ethoxylated cholesterol exhibits higher 

reactivity than the cholesterol alkoxide. Hence, significant amounts of free initiator are 

found in the reaction mixture when oligomers are desired.50 After acidic deprotection of 

the acetal groups, the polymer was precipitated multiple times in cold diethylether to 

remove excess cholesterol. This led to reduced yields and an enhanced concentration of 

longer polymer chains. 

 

 

Scheme 1: Reaction scheme for the macroinitiator Ch-linPGn, followed by the slow 
monomer addition of GEGE and glycidol, which can be carried out simultaneously or 
sequentially as depicted here.  
 

The resulting linear polyglycerol amphiphiles (Ch-linPG20; Ch-linPG13) function as the 

macroinitiator for the slow monomer addition of 1-(glycidyloxy)ethyl ethylene glycol 

ether (GEGE) and glycidol. Partial deprotonation and slow monomer addition permits 

good control over the alkoxide concentration resulting in equal growth of the polymer 

chain ends. This technique narrows the molecular weight distribution and prevents 

undesired homopolymerization of the cyclic inimers.51 Deprotonation of the 

macroinitiator was adjusted to 10% (relative to the total amount of hydroxyl groups) in 

order to maintain solubility in N-methyl-2-pyrrolidon (NMP). Both monomers, i.e. GEGE 

and glycidol, can be copolymerized randomly or sequentially. The reaction route is 

shown in Scheme 1 (vide supra). The advantage of a sequential addition of the 
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monomers, in which GEGE is polymerized first, is that the cleavable acetal groups are 

located in the proximity of the cholesterol anchor group. Acidic cleavage would lead to 

scission near the phospholipid bilayer in the final liposomes, which could enhance 

shedding of the polymer and drug release. 

This approach enabled the synthesis of a series of copolymers which carry multiple 

acetal groups distributed in the hyperbranched polymer or located near the cholesterol 

anchor. The random copolymers were prepared from a macroinitiator consisting of 20 

linear glycerol units, whereas for the sequentially synthesized copolymers the 

macroinitiator Ch-linPG13 was used. The molecular weights for the hyperbranched lipids 

were around 5000 g mol-1, again with an underestimation in SEC due to differences in 

the hydrodynamic radius compared to the linear PEG polymer used for calibration. On 

the other hand, we assume a slight overestimation of the molecular weights in 1H NMR 

spectroscopy, since residual solvent resonances can overlap with the polyether 

backbone signals. Polydispersity indices (PDI = Mw/Mn) below 1.15 were found for the 

two macroinitiators, whereas for the hyperbranched copolymers PDIs below 1.60 could 

be achieved. The last column of Table 1 summarizes the mol% of GEGE, which were 

successfully tuned between 8mol% and 49 mol% (in relation to the total amount of 

monomer units).  

 

Table 1: Characterization data of the macroinitiators (Ch-linPG20; Ch-linPG13) and the pH-
responsive copolymers (random: Ch-P(GEGEx-co-Gy); block: Ch-P(GEGEx-b-Gy). 
 

Composition Mn th 

g mol-1 

Mn NMR 

g mol-1 

Mn SEC 

g mol-1 

PDI SEC GEGE mol% 

Ch-linPG20 904 1870 830 1.05 - 

Ch-P(GEGE4-co-G48) 4160 4600 1600 1.57 8 

Ch-P(GEGE20-co-G49) 5040 7200 2100 1.60 29 

Ch-linPG13 904 1350 980 1.14 - 

Ch-P(GEGE10-b-G36) 4220 4700 2500 1.24 22 

Ch-P(GEGE18-b-G36) 4660 6000 3000 1.29 33 

Ch-P(GEGE17-b-G18) 4600 4500 2200 1.22 49 
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Figure 2 depicts SEC traces for a selection of copolymers that were synthesized from Ch-

linPG13 (black solid line, Figure 2). All distributions were monomodal and molecular 

weights for the Ch-P(GEGE-b-G) copolymers were shifted to lower elution volumes 

compared to the macroinitiator. Because the determination of molecular weights via 

SEC leads to underestimated values, the absolute molecular weights were calculated 

from 1H NMR integration of the resonances for the methyl group of cholesterol at 

0.72 ppm with the polyether signals between 4.00–3.27 ppm (Figure 3). The number of 

GEGE units was calculated by comparing the integration of the resonances from the 

initiator (-CH3; 0.72 ppm) with the acetal resonance at 4.79 ppm (arrow in Figure 3). The 

methyl group of the acetal moieties is observed at 1.32 ppm, but integration would be 

inaccurate due to an overlap with the cholesterol backbone. As an example, Figure 3 

presents the 1H NMR spectra of Ch-linPG13 (bottom) and Ch-P(GEGE18-b-G36) (top) in 

MeOD.  

 

Figure 2: SEC traces (RI detection; DMF; PEG standard) for selected copolymer samples 
that were synthesized from Ch-linPG13 (black solid line). 
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Figure 3: 1H NMR spectra of Ch-linPG13 (bottom) and Ch-P(GEGE18-b-G36) (top) in MeOD. 

 

Synthesis of Amphiphilic Hyperbranched Lipids with Exactly One Acid-Cleavable 

Moiety 

 

In a recent publication, we presented the synthesis of glycol-1-(cholesteryloxy)-

ethylether (Ch-acetal) as a pH-sensitive initiator for the anionic ring-opening 

polymerization of ethylene oxide.18 This initiator can be synthesized in a three-step 

procedure starting from 1,2-ethanediol vinyl ether and acetic anhydride to form 2-

acetoxyethyl vinyl ether.52 This product can be reacted with commercially available 

cholesterol under acidic catalysis to produce the acetal group. After basic deprotection 

of the acetate protecting group, the hydroxy functional initiator glycol-1-

(cholesteryloxy)ethylether is obtained, which can be used in the basic reaction 

conditions of the anionic polymerization of various epoxides. It was also proven that the 

pH-responsive lipid can be cleaved under acidic conditions.18 Therefore, they are 

applicable in drug delivery systems, especially for tumor targeting, where the acidic pH 

of the tumor can be exploited in order to shed the polymer from the vesicle. Here, we 

expand the idea of exactly one acid-cleavable group in lipids from linear to 

hyperbranched polyethers. Decomposition products are cholesterol (natural membrane 



2 Functionalized and pH-Responsive Polymer Lipids 
 

126 

component), biocompatible hyperbranched polyglycerol and acetaldehyde. Since usually 

the polymer has a molecular weight below 6000 g mol-1 excretion by the kidney is 

feasible after detachment from the hydrophobic anchor. 

The abovementioned EEGE monomer contains an acetal protecting group, which is 

suitable for the oxyanionic ring-opening polymerization, but has to be cleaved under 

acidic conditions to obtain the linear polyglycerol as a macroinitiator for the 

hyperbranched structure. This synthetic route is not suitable in combination with the 

pH-sensitive initiator glycol-1-(cholesteryloxy)ethylether. Therefore, a different method 

had to be explored. The first monomer used for experiments with this objective was 

benzyl glycidyl ether. It is a commercially available glycidyl derivative and can be 

deprotected under catalytic hydrogenation. For the removal of the benzyl group H2 

pressure and a Pd-catalyst is usually applied. However, this approach did not lead to 

successful deprotection without cleavage of the acetal group, although different 

reaction conditions were tested (variation in temperature, pressure, Pd/C vs. Pd(OH)2/C 

catalyst, solvent mixtures). Therefore, an altered synthetic route had to be introduced 

which is presented in Scheme 2.  

 

Scheme 2: Synthetic route for the synthesis of hyperbranched cholesterol-lipids with 
exactly one acetal group starting from glycol-1-(cholesteryloxy)ethylether (Ch-acetal); 
(SMA= slow monomer addition). 
 

After deprotonation with cesium hydroxide, glycol-1-(cholesteryloxy)ethylether was 

used as an initiator for the oxyanionic ring-opening polymerization of allyl glycidyl ether 
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(AGE). This reaction was carried out in bulk to suppress isomerization of the allyl groups 

at elevated temperatures.53,54 Table 2 summarizes the obtained characterization data for 

Ch-acetal-PAGE and supports quantitative polymerization of AGE. There is a good 

agreement between the theoretical amount of 20 AGE units and the repeating units 

calculated by 1H NMR spectroscopy (20 AGE groups, see discussion below, Figure 4). The 

allyl groups were functionalized in a thiol-ene coupling reaction, using excess 2-

mercaptoethanol and azobisisobutyronitrile (AIBN) as the radical initiator. The thiol-ene 

coupling was quantitative according to 1H NMR spectroscopic characterization. This 

amphiphile already represents a novel multihydroxy-functional polyether with exactly 

one acetal group. Furthermore, it can be used as a macroinitiator for the hypergrafting 

process of glycidol in order to increase the amount of hydroxyl groups, as shown in 

Scheme 2. Molecular weights of the thiolether-containing hyperbranched polymer were 

around 6500 g mol-1 which is slightly higher than the commonly used molecular weights 

for “stealth” lipids (up to 5000 g mol-1).7 Table 2 summarizes all characterization data of 

the abovementioned copolymers. Column 4 illustrates that the molecular weights 

obtained from SEC (DMF, PEG standard) are lower than the theoretical molecular 

weights and the molecular weights calculated from 1H NMR spectra. This trend is more 

pronounced for the hyperbranched structure due to the influence of the hyperbranched, 

globular polyglycerol on the hydrodynamic radius of the polymers compared to linear 

PEG. Polydispersity indices were below 1.2 (last column, Table 2). Figure 4 depicts the 

SEC traces for all three copolymer lipids, evidencing narrow polydispersity and 

monomodal distributions. 

 

Table 2: Characterization data of the allyl containing polyether (Ch-acetal-PAGE20), the 
thioether-functional lipid (Ch-acetal-thiol-coupling20.; macroinitiator) and the 
hyperbranched lipid (Ch-acetal-hbPG35) with one single cleavable group.  
 

Composition Mn th 

g mol-1 

Mn NMR 

g mol-1 

Mn SEC 

g mol-1 

PDI SEC 

Ch-acetal-PAGE20 2750 2750 2050 1.09 

Ch-acetal-thiol-coupling20 4320 4320 3430 1.20 

Ch-acetal-hbPG35 6500 6900 5000 1.20 
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Figure 4: SEC traces (RI detection; DMF; PEG standard) for the copolymers with one 
single acetal group; allyl containing polyether Ch-acetal-PAGE20 (black solid line), 
thiolether-containing lipid Ch-acetal-thiol-coupling20 (dashed line), hyperbranched lipid 
Ch-acetal-hbPG35 (dotted line).  
 

Molecular weights, the degree of polymerization, and the degree of functionalization 

with 2-mercaptoethanol were calculated from 1H NMR spectroscopy. The spectra are 

shown in Figure 5, in which the allyl functional polymer Ch-acetal-PAGE20 (red, top) was 

measured in CD2Cl2, Ch-acetal-thiol-coupling20 (green, middle) was measured in THF-d8, 

and Ch-acetal-hbPG35 (blue, bottom) was measured in DMSO-d6. The degree of 

polymerization for the PAGE copolymer could be calculated by comparing the 

integration of the methyl group of cholesterol (0.72 ppm) with the resonance of the allyl 

proton at 5.93 ppm. Quantitative conversion was observed, and no isomerization of the 

allyl groups was found. Between 5.17 and 5.39 ppm an overlap of the allyl group and the 

cholesterol double bond resonances is noticeable. The acetal group was maintained and 

its signal can be detected at 4.82 ppm. The degree of functionalization for Ch-acetal-

thiol-coupling20 (green, middle) after the thiol-ene coupling was determined by 

comparing the cholesterol methyl group at 0.72 ppm with the resonances at 1.83 ppm 

and 2.62 ppm. These two resonances originate from the methylene groups adjacent to 

the sulfur (2.62 ppm) and the next but one methylene group. Here, the acetal group at 

4.82 ppm and the cholesterol double bond at 5.34 ppm are still intact. After the 

hypergrafting of glycidol the spectrum for Ch-acetal-hbPG35 was obtained in DMSO-d6 

(blue, bottom) which clearly shows that the resonances for the methylene groups near 
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the sulfur are still present. The grey frame highlights the acetal resonance, which 

remains at 4.82 ppm in every stadium of the reaction route. The resonances for the 

hydroxyl groups appear between 5.00 ppm and 5.20 ppm, whereas the cholesterol 

double bond shows a peak at 5.32 ppm. Integration of the resonances from the 

polyether backbone between 3.20 ppm and 3.80 ppm is used to calculate the number of 

glycidol groups by subtraction of the polyether signals from the precursor 

(macroinitiator). Residual CH2Cl2 originates from washing the polymer to remove traces 

of NMP.  

 

Figure 5: 1H NMR spectra for the copolymers with one single acetal group; Top to 
bottom: red: Ch-acetal-PAGE20 in CD2Cl2; green: Ch-acetal-thiol-coupling20 in THF-d8; 
blue: Ch-acetal-hbPG35 in DMSO-d6. 
 

Incorporation of the acetal containing cholesteryl initiator in every polymer chain is 

crucial for the amphiphilic character of the resulting lipid. The use of the lipophilic 

initiator permits anchoring of the polymers in the liposomal membranes. This was 

evidenced via matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-ToF MS) for Ch-acetal-PAGE20 and Ch-acetal-thiol-coupling20, as 

shown in Figure 6. Figure 6a shows the distribution of Ch-acetal-PAGE20, whereas 

Figure 6b depicts the distribution of Ch-acetal-thiol-coupling20. In this spectrum, a very 
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small subdistribution was detected, which can be attributed to non-coupled, residual Ch-

acetal-PAGE20 (marked with an asterisk). An overlap of both spectra is shown in 

Figure 6c. The peak differences translate to exactly 114 g mol-1, which represents the 

molecular weight of the allyl glycidyl ether repeating unit (Figure 6a). On the other hand, 

the molecular weight of 192 g mol-1, which corresponds to the hydroxyl functional 

repeating units (C8O3SH16), is detectable in the red spectrum from Figure 6b (Ch-acetal-

thiol-coupling20). In summary, the MALDI-ToF characterization confirms the structures of 

the novel lipids. 

 

 

 

Figure 6: MALDI-ToF spectra for (a) Ch-acetal-PAGE20 (b) Ch-acetal-thiol-coupling20 (c) 
overlap of both spectra. 
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Degradation of Hyperbranched Lipid with Multiple pH-responsive Moieties 

 

The acetal-containing polymer Ch-P(GEGE17-b-G18) was investigated using SEC 

measurements with respect to its acidic degradation at room temperature. For this 

purpose, the sample was dissolved in buffer solution (pH 2) and the sample was stirred 

for 24 h. Of course, pH 2 is not relevant for the degradation in tumor tissue, but for 

proof-of-concept studies, acidic hydrolysis can be demonstrated. Figure 7 depicts the 

SEC traces for the macroinitiator Ch-linPG13 (dotted line), the acetal-containing polymer 

Ch-P(GEGE17-b-G18) (black line), and the degraded product of Ch-P(GEGE17-b-G18) (red 

line). As expected, the SEC trace for the degraded product shifts to higher elution 

volume, i.e., lower molecular weights. Furthermore, signals in the lower molecular 

weight range are observed which can be attributed to “polyether-arms” (fragments) that 

were cleaved under acidic conditions. The SEC trace for the cleaved polymer does not 

overlap with the macroinitiator (dotted line). This can be explained by the fact that 

during the addition of GEGE two different hydroxyl groups are formed. One forms at the 

end of the acid-labile acetal moiety, and a second one is covalently attached to the 

macroinitiator. As the likelihood for the addition of the following monomers (GEGE or 

glycidol) is the same for both hydroxyl groups, only half of the growing arms will be 

degradable afterwards. Hence, the formation of small fragments and a higher molecular 

weight mode compared to the macroinitiator, is detected.  

 

Figure 7: SEC traces (RI detection; DMF; PEG standard) for the macroinitiator Ch-linPG13 
(dotted line), the acetal-containing polymer Ch-P(GEGE17-b-G18) (black line), and the 
degraded product of Ch-P(GEGE17-b-G18) (red line). 
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pH-cleavage of Ch-acetal-PEG-CH2C≡CH and Shedding from the Liposome 

 

As mentioned above, ideally, a polymer coating should be stable under physiological 

conditions (pH 7.4), but is cleaved at lower pH, thus enabling membrane-membrane 

fusion. As a proof-of-principle, we investigated alkyne-functionalized α-(1-

(cholesteryloxy)ethoxy)-ω-hydro-PEG46 (Ch-acetal-PEG46-CH2-C≡CH) in liposome 

formulations with respect to its shedding properties. To this end, a fluorescent dye (Atto 

488 azide) was attached to the polymer after liposome preparation via click-chemistry 

and acetal cleavage was studied via fluorescent spectroscopy (schematic representation 

Figure 8). The crucial point is the protonation of the acetal groups that are located near 

the phospholipid membrane. As discussed below, it could be proven that acetal-

cleavage takes place, although the PEG layer may impede proton diffusion.  

 

Figure 8: Schematic representation of the liposome functionalization and subsequent 
acidic cleavage of the PEG-coating. 
 
Acetal-containing amphiphiles were incorporated into liposomes in a molar fraction of 

5 mol%. Liposomes were prepared via dual centrifugation, resulting in z-average 

hydrodynamic radii (± standard deviation (SD) of 3 measurements) of 170 ± 2.8 nm 

(µ2/〈Γ〉2 = 0.22) and 154 ± 2.2 nm (µ2/〈Γ〉2 = 0.10) for amphiphiles with and without 

acetal groups, respectively. Low values for µ2/〈Γ〉2 indicated narrow size distributions as 

obtained from cumulant analysis of DLS data. After functionalization at the terminal 

alkyne group with Atto 488 azide, fluorescent liposomes enabled the observation of the 

acidic shedding. It turned out that after dilution in PBS and during ongoing equilibration 

the fluorescence emission decreased to a certain value. This observation is believed to 
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be due to changes in the microenvironment of the fluorophores, e.g., during the partial 

transition from vesicles to micelles. The cleavage process was then observed after 

acidification, leading to a strong increase of fluorescence emission intensity, as shown in 

Figure 9. This observation is believed to be due to changes in the microenvironment of 

the fluorophores, e. g. during the partial transition from vesicles to micelles. The 

cleavage process was then observed after acidification, leading to an increase of 

fluorescence emission intensity as shown in Figure 9.  

 
Figure 9: Fluorescence emission increases during acidic cleavage of acetal-containing 
amphiphiles (black). Amphiphiles without acetal groups (red) are stable at low pH. 
 

As expected, a low pH value of 2 leads to a fast cleavage within several minutes and 

therefore high fluorescence emission, while the liposome system without cleavable 

amphiphiles shows no substantial increase (red data points). However, higher pH values 

provide degradation within hours (pH 3) or even days (pH 5.5). The increase in 

fluorescence intensity can be explained by both less thermal relaxation of fluorophores 

due to surface-related interactions and a potentially lower inner filter effect. While the 

complex microenvironment within liposomes leads to rather qualitative results, the 

kinetics of the cleavage are in good agreement with earlier measurements.18 Although 

the cleavage at pH 5.5 is slow, it demonstrates a potential mechanism to shed the 

liposomal coating in lysosomal compartments. Therefore, the incorporation of acid-

labile groups might enable both the elimination of polymeric moieties and the 

interaction between liposomal and cellular membranes. 
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Conclusion 

 

In the present study we showed the incorporation of multiple cleavable groups by 

combining the epoxide inimer GEGE and glycidol in the oxyanionic ring-opening 

polymerization with cholesterol as the initiator. Random or block copolymers (Ch-

P(GEGEx-co-Gy) or (Ch-P(GEGEx-b-Gy)) were synthesized with narrow molecular weight 

distributions and the degradation at pH 2 for a block copolymer was investigated by SEC. 

Furthermore, hyperbranched polyglycerol with a single acetal moiety was available using 

glycol-1-(cholesteryloxy)ethylether as the initiator for the polymerization of AGE, 

subsequent thiol-ene coupling of 2-mercaptoethanol and polymerization of glycidol. To 

the best of our knowledge, this represents the first synthesis of acetal-containing 

hyperbranched lipids for liposome preparations. The polymers obtained are promising 

with respect to the combination of the following properties: steric stabilization of 

liposomes, multifunctionality, acidic degradability, and biocompatibility. Degradability in 

liposome formulations was proven by using the linear analogue (1-

(cholesteryloxy)ethoxy)-ω-hydro-PEG46-CH2C≡CH functionalized with a fluorescent label 

(Atto 488 azide) at pH between 7.4 and 2.0. A strong pH-dependence for the shedding 

process was observed. In the near future, liposome stability and shedding of the 

functionalized linear-hyperbranched lipids will be investigated. We believe that acid-

labile lipids with a high number of functionalities and multiple cleavable groups mark a 

promising development step for polyether-based lipids for future biomedical 

applications.  
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Abstract 

 

Phosphonates exhibit strong interaction with inorganic calcium phosphate surfaces. Due 

to the strong interaction of phosphonates with bone surfaces, multifunctional lipid 

analogs with pendant phosphonate groups have been prepared We herein report on the 

straightforward synthesis of cholesterol-initiated linear polyglycerols which are 

functionalized with diethyl vinyl phosphonate (DEVP) via a Michael-type addition in 

molar ratios between 29-76 mol%. The phosphonoethylated polymers were successfully 

transformed to phosphonic acid-bearing lipids. The polymers were characterized by SEC, 

1H NMR, and 31P NMR spectroscopy, permitting to monitor the different intermediate 

and final products of the synthetic protocol. This strategy allows for the preparation of 

liposomes containing different amounts of functional polymer (5 mol% and 15 mol%) as 

well as two different sizes (100 nm vs. 400 nm). The vesicles exhibit interaction with 

calcium phosphate surfaces, rendering them suitable for bone regeneration strategies, 

as confirmed by SEM and fluorescence microscopy. The novel liposomes with potential 
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“stealth” behavior are promising materials for systemic or local bone cancer treatment 

and may be loaded with suitable drugs.  

 

Introduction 

 

Drug delivery systems with targeting to bone tissue are important for the treatment of 

osteoporosis and osseous metastases. These diseases cause chronic pain and disability, 

and the number of people suffering is increasing dramatically. The most painful type of 

malignant diseases is bone cancer, which can also occur from spreading from other 

tumors to bone tissue via metastasis.1,2 Surgical removal, radiation strategies, or 

chemotherapy are usually the treatments of first choice. Doxorubicin and paclitaxel are 

the main anti-tumor drugs applied. However, limitations in the design of bone-specific 

drug formulations are based on the low number of molecules with strong affinity to 

bone. Nowadays, bisphosphonates (BP) are promising candidates, since the two 

phosphonate groups, connected via a central carbon, exhibit high affinity to minerals.3 

Bisphosphonate-decorated liposomes employed for controlled release of anti-tumor 

drugs may be a useful tool to maintain appropriate drug levels to bone and help to 

reduce systemic side-effects of the drugs. In general, steric stabilization of liposomes in 

vivo can be increased by incorporating amphiphilic polymers, such as cholesterol- or 

phospholipid-based poly(ethylene glycol) (PEG). The hydrophobic part anchors the 

polymer in the phospholipid bilayer. Recently, various groups have explored the 

production of hydroxyapatite (HA)-specific phospholipids. Among these studies, Hengst 

et al. presented cholesteryl-trisoxyethylenebisphosphonic acid (CHOL-TOE-BP) as an 

amphiphile for targeted, sterically stabilized liposomes.4 Alkyl-based amphiphiles 

bearing BP moieties also showed high affinity towards HA in a study by Anada et al.. 

Doxorubicin-loaded liposomes adsorbed at the HA-surface and significantly reduced the 

number of viable human osteosarcoma MG63 cells.5 Lipids based on 

distearoylphosphoethanolamine-polyethylene glycol BP derivatives were investigated by 

Wang et al..6,7 Another approach was recently presented by Ikeuchi et al., who used 

polyphosphoester ionomers with a cholesterol anchor group for liposome modification. 

The authors confirmed the enhanced affinity of vesicles to calcium by using 
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polyphosphoesters.8 In general, phosphorus-containing polymers are attracting 

increasing interest due to their biodegradability, blood compatibility, strong affinity to 

bone tissue and for dental adhesion.9,10,11,12 

As an example Penczek et al. synthesized ionic-nonionic block copolymers with the 

structure poly(ethylene glycol)-block-polyglycerol having both phosphonic and 

carboxylic acid functionalities.13 Recently, Möller and coworkers presented the 

modification of linear polyglycerol (linPG) with tunable amounts of phosphonate ester 

side groups. Employing basic conditions, the hydroxymethyl group was functionalized 

with diethyl vinyl phosphonate (DEVP) via a Michael-type addition. Hydrolysis with 

bromotrimethylsilane led to linPG with phosphonic acid groups.14,15,16 In a follow-up 

work, the authors reported on polyether-graft-polyester copolymers with pendant 

diethylphosphonatoethyl groups (DEPE).17,18 

In the present article, we report on the straightforward synthesis of cholesterol-initiated 

linear polyglycerol with partial phosphonoethylation (29-76 mol% functionalization) 

using DEVP. Subsequent saponification of the diethylphosphonate groups with 

bromotrimethylsilane resulted in lipids bearing hydroxyl groups and phosphonate 

groups (Scheme 1). These lipid analogs were incorporated into liposomes, rendering 

them sterically stabilized and potentially with “stealth” properties due to the hydroxyl-

functional polyether chain.19,20,21 Subsequently, adsorption of the liposomes onto 

calcium phosphate cement via the phosphonic acid groups was investigated by SEM and 

fluorescence microscopy.  

 

Scheme 1: Synthetic strategy for the synthesis of cholesterol-initiated linear polyglycerol 
with pendant phosphonate groups followed by liposome preparation. 
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Experimental 

 

Methods 

1H NMR spectra and 31P NMR spectra (300 MHz and 400 MHz) were recorded using a 

Bruker AC300 or a Bruker AMX400, employing CDCl3 or MeOD as a solvent. All spectra 

were referenced internally to residual proton signals of the deuterated solvent. Size 

exclusion chromatography (SEC) measurements were carried out in dimethylformamide 

(DMF) with 0.25 g L-1 LiBr on PSS HEMA columns (300/100/40). For SEC measurements a 

UV (275 nm) and an RI detector were used. Calibration was carried out using 

poly(ethylene glycol) (PEG) standards provided by Polymer Standards Service (PSS).  

Aqueous MALS measurement was separated over a set of HEMA-Bio columns 

(40/100/1000) with 10 µm particles with a length of 300 mm and an internal diameter of 

8 mm (MZ-Analysentechnik) providing an effective molecular weight range of 2000 to 

3 000 000 g mol-1 at a flow rate of 1.0 ml min-1 (Agilent 1260 HPLC) in 100 mM 

phosphate, 50 mM sodium chloride, pH 6.5. Each sample injection was 100 µL. Elution 

profiles for mass analysis were detected using a UV detector (254 nm, Agilent 1260), a 

Wyatt miniDAWN TREOS MALS detector, a Wyatt ViscoStar II on-line differential 

viscometer and a differential refractometer (Agilent 1260). Using the elution-profile 

data, the weight-averaged molecular mass was calculated with Astra 6.1.1 software 

(Wyatt Technologies) using a dn/dc of 0.135 for the PEG polymer (American Polymer 

Standards Corporation). 

Differential scanning calorimetry (DSC) measurements were carried out using a Perkin-

Elmer DSC 8500 in the temperature range of -100 to 50 °C, using heating and cooling 

rates of 20 °C min-1 (1st cycle) and 10 °C min-1 (2nd cycle), respectively. The values of the 

second heating cycle were used for analysis. The melting points of indium (Tm = 156.6 °C) 

and Millipore water (Tm = 0 °C) were used for calibration. 

 

Reagents 

All reagents and solvents were purchased from Acros and used as received, unless 

otherwise mentioned. Diethyl vinyl phosphonate (DEVP; > 97%), potassium tert-

butoxide (1.0 M in THF), and bromotrimethylsilane (> 97%) were purchased from Sigma-



2.3 Phosphonoethylated Polyglycerol Amphiphiles 
 

141 

Aldrich and used as received. Cholesterol was purchased from Acros and stored at 8 °C. 

Lipid-EPC-3 (Hydrogenated egg phosphatidylcholine) was kindly provided by Lipoid. 

Phosphate buffered saline (PBS) was used from Gibco. Ethoxyethyl glycidyl ether (EEGE) 

was synthesized according to the literature.22 The monomer was dried over CaH2 and 

cryo-transferred prior to use. A micro-macro porous biphasic calcium phosphate cement 

(MBCP+), composed of 80% hydroxyapatite and 20% β-tricalcium phosphate, was 

donated from Biomatlante (Vigneux de Bretagne, France).  

 

Synthesis 

Synthesis of Ch-linPG21 

Cholesterol (2.0 g, 5.2 mmol), CsOH monohydrate (0.781 g, 4.7 mmol, 90% of 

deprotonation), and benzene (6 mL) were placed in a Schlenk flask. The mixture was 

stirred at 60 °C for about 30 min to generate the cesium alkoxide. The salt was then 

dried under vacuum at 90 °C for 24 h. The salt was suspended in 50 mL anhydrous 

dioxane, the monomer EEGE was added (15.8 mL, 104 mmol, 20 eq.), and the mixture 

was heated to 80 °C for 24 h. A sample was removed for NMR and SEC analysis, the 

polymerization was stopped via addition of an excess of methanol, and the solvents 

were removed under reduced pressure. The acetal protecting groups of PEEGE were 

cleaved by the addition of methanol, an acidic ion-exchange resin (Dowex 50WX8), and 

2 N HCl stirring at RT for 24 h. The solution was filtered, concentrated, and the crude 

product was precipitated twice in cold diethyl ether. The block copolymer was dried 

under vacuum. Yield: ~90%. 

Before deprotection: 1H NMR (300 MHz, CDCl3): δ (ppm) = 5.30 (1H, C=CH cholesterol), 

4.68 (1H, CHO, acetal group, PEEGE), 3.88-3.17 (polyether backbone; CHO cholesterol), 

2.30-0.83 (CH2, CH cholesterol), 0.65 (3H, CH3 cholesterol). 

After deprotection: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 5.37 (1H, C=CH cholesterol), 

3.77-3.17 (polyether backbone, CHO cholesterol), 2.40-0.88 (CH2, CH cholesterol), 0.72 

(3H, CH3 cholesterol). 

 

Synthesis of linear cholesterol-poly(glycidol-diethylphosphonatoethyl-co-glycidol) lipid  

Description for Ch-P(GDEPE
9-co-G12) as an example according to the literature: 16 
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Ch-linPG21 (0.521 g, 0.3 mmol) was dissolved in DMF (10 mL) in a Schlenk tube and 

potassium tert-butoxide (0.4 mL; 0.4 mmol, of a 1 M solution in THF) was slowly added 

within 2 h (until small amounts of coagulate formed). Tert-butanol was removed by 

applying reduced pressure. Diethyl vinyl phosphonate (DEVP) (0.45 mL, 2.95 mmol, 

11 eq.) was added and the mixture was stirred for 6 d at room temperature under an 

argon atmosphere. The precipitate was removed by filtration and the product dried 

under vacuum. The polymer was redissolved in MeOH and precipitated in cold diethyl 

ether. Yield: 70-80% 

1H NMR (300 MHz, MeOD-d4): δ (ppm) = 5.37 (1H, C=CH cholesterol), 4.18-4.04 (4H, 

POCH2CH3), 3.80-3.40 (polyether backbone; CHO cholesterol), 2.22-2.10 (2H, 

CH2OCH2CH2P), 1.33 (6H, POCH2CH3), 2.40-0.86 (CH2, CH cholesterol), 0.71 (3H, CH3 

cholesterol).  

31P NMR (MeOD-d4): δ (ppm) = 30.1. 

 

Synthesis of linear cholesterol-poly(glycidol-phosphonatoethyl-co-glycidol) lipid  

Description for Ch-P(GPE
9-co-G12) as an example according to the literature: 16 

Ch-P(GDEPE
9-co-G12) (0.207 g, 0.06 mmol) was dissolved in anhydrous dichloromethane 

(6 mL) and cooled to 0 °C. Bromotrimethylsilane (0.288 mL, 2.18 mmol, 4 eq. of the 

silylating agent per diethylphosphonatoethyl group) was added slowly to the solution. 

The mixture was stirred for 24 h at room temperature. The solvent and other byproducts 

were removed under reduced pressure. MeOH (6 mL) was added and the solution was 

stirred for additional 24 h. The mixture was concentrated under reduced pressure and 

the crude polymer was precipitated in cold diethyl ether. Yield: 85-90% 

1H NMR (300 MHz, MeOD-d4): δ (ppm) = 5.27 (1H, C=CH cholesterol), 3.85-3.35 

(polyether backbone; CHO cholesterol), 2.10-1.90 (2H, CH2OCH2CH2P), 2.30-0.77 (CH2, 

CH cholesterol), 0.62 (3H, CH3 cholesterol).  

31P NMR (MeOD-d4): δ (ppm) = 25.8. 

 

Liposome formation 

Liposomes consisting of the amphiphile Ch-P(GPE
9-co-G12), cholesterol, and egg 

phosphatidylcholine (EPC) were prepared by the thin film hydration method on a clean 

bench. A solution of EPC in ethanol, cholesterol in ethanol and the copolymer were 
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blended at molar ratios of 55:40:5 mol% and 55:30:15 mol% in a small flask, 

respectively. The solvent was evaporated in a rotating evaporator to obtain a thin film of 

lipid components. The lipid film was rehydrated in 1 mL of PBS buffer solution to obtain 

a final lipid concentration of 21 mg mL-1, sonicated for 20 min at 50 °C to yield 

multilamellar vesicles (MLVs), and extruded through a 400 nm polycarbonate membrane 

11 times, followed by the extrusion through a 100 nm membrane for 11 times to obtain 

small unilamellar vesicles (SUVs). The liposomes with 15 mol% of Ch-P(GPE
9-co-G21) were 

only extruded through the 400 nm membrane 11 times, due to leaking of the extruding 

device.  

 

Calcium phosphate attachment studies 

The calcium phosphate particles (MBCP+, 80–200 mm, Biomatlante) were dispersed in 

ultrapure water (10 mg mL-1, Millipore) and washed for 30 min under horizontal 

agitation (200 rpm) before use. Liposomes were diluted in buffer to application 

concentrations of 0.01% and 0.1% with deionized water in 1.5 mL Eppendorf centrifuge 

vials. The calcium phosphate granules were left in the liposome solution for 30 min 

immediately following deposition. After attachment the tube was washed with 

deionized water to remove the loose and weakly attached liposomes from the calcium-

phosphate granules. The process of centrifuging, removing the liquid, replacing the 

liquid with fresh deionized water, and vortexing was repeated two additional times. 

After the three rinses were complete, the samples were centrifuged again and observed 

in the scanning electron microscope (SEM, Zeiss LEO Gemini 1530). Previous to the 

measurement a thin carbon coating layer was deposited using a vacuum coating system 

Balzer Union (BAE250). 

Fluorescence measurements were carried out with BODIPY (boron-dipyrromethene, 4,4-

difluoro-4-bora-3a,4a-diaza-s-indacene) as the dye and 200 ms exposure time. 

 

Results and Discussion 

 

In this report, we adapt a synthetic pathway presented by Köhler et al.16 for hydroxyl 

groups at a polymer backbone to introduce pendant phosphonate groups into 
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cholesterol-based linear polyglycerol (Ch-linPG). The amphiphilic polyether polyol was 

prepared by the oxyanionic ring-opening polymerization of ethoxyethyl glycidyl ether 

(EEGE) with cholesterol as the initiator and subsequent removal of the acetal protecting 

group under acidic conditions to release the multiple OH-groups. The polyalcohol Ch-

linPG21 was obtained with Mn,SEC = 1500 g mol-1 and a low molecular weight distribution 

(Mw/Mn = 1.25). Ch-linPG21 was reacted with potassium tert-butoxide and with diethyl 

vinyl phosphonate (DEVP) in a Michael-type addition (Scheme 1). The ratio of DEVP to 

hydroxyl groups was set to 0.29, 0.50, and 0.76, respectively. The tert-butanol formed 

during the reaction was removed under slightly reduced pressure, in order to shift the 

acid-base equilibrium towards deprotonation of the polyglycerol hydroxyl groups. The 

polymers cholesterol-poly(glycerol-diethylphosphonatoethyl-co-glycidol) (Ch-P(GDEPE
x-

co-Gy) were characterized by size exclusion chromatography (SEC) in DMF, 1H NMR, and 

31P NMR spectroscopy. The molecular weights determined from SEC are typically 

underestimated compared to the theoretical molecular weights and those calculated 

from the 1H NMR spectra (see Table 1). Molecular weight distributions between 

Mw/Mn=1.25-1.35 were obtained. This is attributed to the pronounced change in the 

hydrodynamic radius when hydroxyl groups and diethylphosphonate groups are 

introduced and compared to the SEC standards PEG. Figure 1 shows the monomodal 

distribution of the polyalcohol Ch-linPG21 and its functional derivative Ch-P(GDEPE
9-co-

G12) as collected from SEC. There is a slight shift to higher elution volume translating to 

lower molecular weight, after the functionalization with DEVP indicating hydrogen 

bonding and a change in the hydrodynamic radius after phosphonoethylation.  

 

Figure 1: SEC elugrams (RI detection, DMF) of the polyol Ch-linPG21 (black) and its 
functional derivative Ch-P(GDEPE

9-co-G12) (red). 
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The 1H NMR spectrum of Ch-P(GDEPE
9-co-G12) in Figure 2 shows, besides the typical 

resonances of Ch-linPG, also a characteristic signal for the methylene group adjacent to 

phosphorus proving the successful phosphonoethylation. Figure 2 depicts the 1H NMR 

spectra of Ch-linPG21, Ch-P(GDEPE
9-co-G12), and Ch-P(GPE

9-co-G12) in MeOD (bottom to 

top). For Ch-linPG21, between 0.70 ppm and 2.40 ppm only the resonances of cholesterol 

are detected. In the spectrum of Ch-P(GDEPE
9-co-G12) the methylene group adjacent to 

the phosphorus atom is detected as a multiplet between 2.10-1.90 ppm due to the 

coupling with the neighboring phosphorus (Figure 2, (a)). The resonances for the ethyl 

groups appear at 1.33 ppm (CH3, triplet, (c)) and between 4.18-4.04 ppm for the 

methylene group (multiplet, (b)).  

Saponification of the phosphonate groups to release the phosphonic acid groups was 

carried out with bromotrimethylsilane as the the silylating agent and methanol 

(methanolysis). The corresponding 1H NMR spectrum of Ch-P(GPE
9-co-G12) is shown in 

Figure 2 (top). The efficient removal of the ethyl groups was proven by the absence of 

the typical diethyl phosphonate signals (1.33 ppm, 4.18-4.04 ppm). Furthermore, the 

resonance for the methylene group adjacent to phosphorus (Figure 2, (d), blue 

spectrum) is shifted to higher fields, due to a change in the chemical environment.  

The degree of functionalization was determined by comparing the signal intensity of the 

cholesterol methyl group at 0.72 ppm with the methylene group next to the 

phosphorous in the spectrum of the Ch-P(GDEPE-co-G) samples (resonance (a) Figure 2). 

The values for the series of samples were in good agreement with the feedstock of 

DEVP. All characterization data for the different polymers are summarized in Table 1. It 

has to be mentioned that in the spectra for the phosphonic acid-functionalized samples 

(Ch-P(GPE-co-G)), integration of the signal of the methylene group next to the 

phosphorous yielded too high values for all samples in comparison to the signal at 

0.72 ppm, which is presumably due to aggregation during the NMR measurement.  
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Figure 2: 1H NMR spectra (400 MHz, CD3OD) of Ch-linPG21 (red, bottom), Ch-P(GDEPE
9-co-

G12) (green, middle), and Ch-P(GPE
9-co-G12) (blue, top).  

 

Table 1: Characterization data of the different polymers: Ch-linPG21, Ch-P(GDEPE
x-co-Gy), 

and Ch-P(GPE
x-co-Gy). 

Composition Mn th 

g mol-1 

Mn NMR 

g mol-1 

Mn SEC 

g mol-1 

Mw/Mn 

SEC 

DEPE mol% 

th / NMR 

Tg 

°C 

Ch-linPG21 1870 1940 1500 1.25 - -50 

Ch-P(GDEPE
6-co-G15) 2920 2920 1600 1.35 29/29 -36 

Ch-P(GDEPE
9-co-G12) 3740 3410 1550 1.25 50/43 -40 

Ch-P(GDEPE
16-co-G5) 4560 4560 1400 1.29 76/76 -43 

Ch-P(GPE
6-co-G15) 2886 n.a. * * - n.d. 

Ch-P(GPE
9-co-G12) 3706 n.a. 5100 1.30 - -18 

Ch-P(GPE
16-co-G5) 4526 n.a. * * - n.d. 

n.a. not available, since the integration of the signal for OCH2CH2P was too high due to 
possible aggregation. *not soluble in DMF, no viable SEC trace was obtained. Ch-P(GPE

9-
co-G12) was measured in aqueous solution. n.d. not determined. 
 

Additionally, 31P NMR spectroscopy was carried out to confirm the successful 

functionalization of the linear polyglycerol lipid with DEVP. It can clearly be seen that the 

sharp signal of DEVP at 18 ppm vanishes, and a broader signal at 30 ppm appears upon 
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functionalization resulting in Ch-P(GDEPE
9-co-G12). Saponification is evidenced by the 

spectrum of Ch-P(GPE
9-co-G12). Here, the signal for the DEPE group vanishes and a signal 

at 25.8 ppm appears which was assigned to the phosphonic acid groups. Figure 3 

illustrates the 31P NMR spectra for DEVP (red, bottom), Ch-P(GDEPE
9-co-G12) (green, 

middle), and Ch-P(GPE
9-co-G12) (blue, top). 

 

Figure 3: 31P NMR spectra (400 MHz, CD3OD) for DEVP (red, bottom), Ch-P(GDEPE
9-co-G12) 

(green, middle), and Ch-P(GPE
9-co-G12) (blue, top). 

 

SEC measurements of Ch-P(GPE
x-co-Gy) in DMF were not successful, since undefined SEC 

traces were obtained. Hence, Ch-P(GPE
9-co-G12) was measured in aqueous SEC. The 

result is depicted in Figure 4 with the blue trace representing the RI detector signal. The 

light scattering trace in red is in good agreement with the trace of the RI detector. 

Interestingly, the molecular weight was calculated to be 5100 g mol-1, which is slightly 

higher than the theoretical value of 3700 g mol-1(Table 1).  
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Figure 4: Aqueous MALS measurement for Ch-P(GPE
9-co-G12): RI signal in blue, light 

scattering in red, molar masses in black.  
 

Thermal analysis 

Thermal properties of the synthesized polymers were investigated via differential 

scanning calorimetry (DSC). The results are summarized in Table 1. All samples were 

amorphous, showing a glass transition (Tg). For the flexible Ch-linPG21 polyether a Tg 

of -50 °C was obtained. Upon phosphonoethylation the Tg increased to -43 °C for 16 

DEPE groups, -40 °C for 9 DEPE groups, and -36 °C for 6 DEPE groups. The dependence 

on the degree of functionalization may be attributed to polymer substituents that 

interlace. A Tg of -18 °C was detected for the linear polyglycerol with phosphonic acid 

groups. This is expected, since strong hydrogen bonding between the residual hydroxyl 

groups and phosphonate groups occurs, which leads to an increase of Tg. 

 

Synthesis and adsorption of functionalized liposomes on calcium phosphate cement 

studied by scanning electron microscopy (SEM) and fluorescence microscopy 

The functionalized liposomes were synthesized by the thin film hydration method. Egg 

phosphatidyl choline (EPC-3), cholesterol, and Ch-P(GPE
9-co-G12) were blended in ratios 

of 55:40:5 mol% and 55:30:15 mol%. Liposomes with 5 mol% Ch-P(GPE
9-co-G12) were 

extruded through a 400 nm membrane and a 100 nm membrane. Liposomes with 

15 mol% Ch-P(GPE
9-co-G12) were only extruded through a 400 nm membrane, which 

means that these vesicles are larger and contain more phosphonic acid anchor groups. 
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First of all, the attachment on calcium phosphate granules (MBCP+, 80–200 mm, 

Biomatlante) was investigated via scanning electron microscopy (SEM) for aqueous 

solutions containing either 0.01% liposomes or 0.1% liposomes. Figure 5 gives an 

overview of the obtained images. Figure 5a shows the negative control of the CaPO4 

granules without liposome solution treatment, whereas Figure 5b gives an overview of 

the granules. Figure 5c and 5d present the pictures after the incubation with a 0.01% 

and 0.1% solution of liposomes that were extruded through a 100 nm membrane 

(5 mol% Ch-P(GPE
9-co-G12), 0.01%/0.1%, 100 nm; smaller vesicles). For comparison, 

Figure 5e and 5f depict the results from larger liposomes containing more polymer 

(15 mol% Ch-P(GPE
9-co-G12), 0.01%/0.1%, 400 nm; larger vesicles). Since already the 

negative control exhibits small but few particles on the surface, which may be due to 

some remaining impurities, it is difficult to compare the pictures. For the granules 

treated with the smaller liposomes (100 nm, Figure 5c and d) there is no significant 

difference observable. Some small particles are found on the surface but they cannot 

solely be attributed to liposomes attached to the surface. For the larger particles 

(400 nm, Figure 5 e and f), the surface is not smooth anymore, but a liposome layer may 

be attached to the surface. This is possible, since the phospholipid membranes are 

flexible and can fuse and therefore may spread out as a sheet. In comparison, solid 

nanoparticles would be visible as spheres.12 

Since the adsorption of functionalized liposomes onto the CaPO4 surface could not 

clearly be proven by SEM, fluorescence microscopy was employed to visualize 

fluorescent liposomes. For this purpose a fluorescent marker (BODIPY) was incubated 

along with the liposomes. The CaPO4 particles were treated with the liposome solution 

and were investigated via fluorescence microscopy. Figure 6a shows the negative 

control, in which the granules were incubated with the fluorescent dye, washed, and 

studied under the microscope. No intense fluorescence is visible, demonstrating that the 

dye does not adsorb onto the surface. Figure 6b depicts the small vesicles (5 mol% Ch-

P(GPE
9-co-G12), 0.1% solution, 100 nm) on the surface and a stronger fluorescence is 

detectable. The fluorescence becomes more intense when studying larger liposomes 

(15 mol% Ch-P(GPE
9-co-G12), 0.01% solution, 400 nm Figure 6c and 15 mol% Ch-P(GPE

9-co-

G12), 0.1% solution, 400 nm Figure 6d).  
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Figure 5: a) Negative control of the CaPO4 granules’ surface (scale bar 2 m). b) overview 

of the CaPO4 granules (scale bar 100 m). c) 5 mol% Ch-P(GPE
9-co-G12), 0.01% solution, 

100 nm (scale bar 2 m). d) 5 mol% Ch-P(GPE
9-co-G12), 0.1% solution, 100 nm (scale bar 

2 m). e) 15 mol% Ch-P(GPE
9-co-G12), 0.01% solution, 400 nm (scale bar 2 m). f) 

15 mol% Ch-P(GPE
9-co-G12), 0.1% solution, 400 nm (scale bar 200 nm). 

 

To sum up, the obtained results suggest adsorption of liposomes onto the CaPO4 

surface, but firm evidence cannot be given. Further investigations need to be conducted 

in order to prove the successful attachment and potential film formation.  

 
Figure 6: a) Negative control of the CaPO4 granules’ surface. b) 5 mol% Ch-P(GPE

9-co-G12), 
0.01% solution, 100 nm. c) 15 mol% Ch-P(GPE

9-co-G12), 0.01% solution, 400 nm. d) 

15 mol% Ch-P(GPE
9-co-G12), 0.1% solution, 400 nm. Scale bar 50 m. 
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Conclusion 

 

In this report we introduced novel polyether-based lipids bearing phosphonic acid 

groups for incorporation into liposomes. The amphiphiles were prepared by synthesizing 

linear polyglycerol using cholesterol as an initiator. Diethyl vinyl phosphonate was 

successfully conjugated via a Michael-type addition, followed by removal of the diethyl 

groups. The prepared liposomes exhibit potential inherent bone adhesion properties, 

which were investigated on CaPO4 granules. However, adsorption could not be 

unequivocally proven. Since phospholipid membranes are flexible, adsorption as a layer 

is feasible, which makes detection difficult. Fluorescence microscopy supported these 

assumptions due to fluorescence being intense for larger liposomes (around 400 nm) 

with 15 mol% of Ch-P(GPE
9-co-G12). Therefore, the liposomes developed might be applied 

for drug encapsulation, e.g., for the drug paclitaxel, and in local treatment for bone 

cancer. Further studies are in progress to understand membrane fluidity and adsorption. 

The liposome size and potential “stealth” behavior will be investigated by dynamic light 

scattering (DLS in serum) and isothermal titration calorimetry (ITC) measurements. 

Furthermore, the usage of the Ch-P(GPE
9-co-G12) lipids as surfactants for the 

miniemulsion/solvent evaporation technique will be explored to obtain nanoparticles 

with a solid core, which would enhance detection in SEM.  
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Abstract 

 

Cholesterol (Ch) linked to a linear-hyperbranched block copolymer composed of 

poly(ethylene glycol) (PEG) and poly(glycerol) (hbPG) was investigated for its membrane 

anchoring properties. Two polyether-based linear-hyperbranched block copolymers with 

and without covalently attached rhodamine fluorescence label (Rho) were employed 

(Ch-PEG30-b-hbPG23 and Ch-PEG30-b-hbPG17-Rho). Compression isotherms of co-spread 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) or 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC) with the respective polymers were measured on the Langmuir 

trough, and the morphology development of the liquid-condensed (LC) domains was 

studied by epi-fluorescence microscopy. LC domains were strongly deformed due to the 
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localization of the polymers at the domain interface, thus indicating the line activity of 

both block copolymers. Simultaneously, it was observed that the presence of the 

fluorescence label significantly influences the domain morphology, the rhodamine 

labelled polymer showing higher line activity. Adsorption isotherms of the polymers to 

the water surface or to DPPC and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

monolayers were collected, respectively. Again the rhodamine labelled polymer showed 

higher surface activity and a higher affinity for insertion into lipid monolayers. 

Calorimetric bulk investigations confirmed the results found with tensiometry. Confocal 

laser scanning microscopy (CLSM) of giant unilamellar vesicles (GUVs) also confirmed the 

polymers’ fast adsorption to and insertion into phospholipid membranes.  

 

Introduction 

 

Biological membranes contain a complex mixture of different lipids, in the case of 

eukaryotic membranes mainly phospholipids, but also other components, such as 

proteins and cholesterol are present. Phospholipids consist of a hydrophilic headgroup, 

which is zwitterionic in the case of the phosphatidylcholines and a hydrophobic tail with 

two fatty acyl chains. Phospholipids self-organize into vesicular bilayer systems in 

aqueous suspensions mimicking simplified cell membranes. In these liposomes the fatty 

acid chains form a liquid crystalline lamellar phase in the hydrophobic membrane region, 

which is protected by the hydrophilic head groups from the outer and inner water phase 

of the vesicle. Phosphatidylcholines are of wide-spread occurrence in biological 

membranes and are commonly used as membrane models.1- 4 

Cholesterol, with 4 to 50 mol-%, is one of the most abundant molecules in biological 

membranes. It is a weakly amphiphilic molecule consisting of a hydrophobic sterol 

skeletal structure with a short branched alkyl chain and a hydrophilic hydroxyl group at 

the ring system. It appears in high amounts in eukaryotic cells and lipid rafts,1,5 in human 

erythrocyte plasma membranes as well as in almost all mammalian membranes.6 Mixed 

lipid/cholesterol membranes have therefore been the subject of intense scientific 

research. Cholesterol incorporation into lipid bilayers enhances the membrane rigidity 

and stability.7,8 Besides its behavior in bilayer membranes6,9,10 also lipid/cholesterol 
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monolayer systems have been studied in detail.8,11-13 At the air/water interface 

phospholipid monolayers undergo changes from a gaseous to a liquid expanded (LE) 

phase at large molecular areas. In the case of long chain saturated lipids a phase 

transition into a liquid condensed (LC) state occurs upon further compression before the 

monolayer collapses at high surface pressure. In addition, the LE/LC transition has much 

in common with the gel to liquid-crystalline phase transition in bilayer systems. Earlier 

calorimetric studies of the cholesterol effect on the first order phase transitions of 

phospholipids have shown that with increasing concentration the temperature of the 

main LE/LC transition is gradually decreased and no phase transition is observed above a 

concentration of 50 mol% cholesterol, where in many cases cholesterol separates out of 

the membrane.1,14,15 Cholesterol exhibits a so-called “condensing effect” on liquid-

crystalline bilayers,1,7,10 which can be understood as induction of an intermediate state 

of the lipid acyl chains between the ordered and the liquid crystalline. In this 

intermediate state the acyl chains are in an all-trans conformation but the molecules can 

rotate freely around their long axis. In lipid monolayers at the air/water interface this 

condensing effect on the liquid-expanded phase can be directly observed by a reduction 

of the mean molecular area.1,12 

In this study, we employ cholesterol as an anchor for inserting a linear-hyperbranched 

block copolymer into lipid monolayers and bilayers. Cholesterol is linked via its hydroxyl 

group to a linear poly(ethylene glycol) (PEG) block and a hyperbranched poly(glycerol) 

(hbPG) block. Both polymer segments are hydrophilic in nature. The interaction of two 

block copolymers Ch-PEG30-b-hbPG23 and Ch-PEG30-b-hbPG17-Rho, where Rho stands for 

covalently attached rhodamine fluorescence label (see Scheme 1), with saturated and 

unsaturated phospholipids at the air/water interface and in lipid bilayers is investigated. 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (L-DPPC), 2,3-dipalmitoyl-sn-glycero-1-

phosphocholine (D-DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 

1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) are used as model lipids. The experiments are based on 

previous studies employing this type of linear-hyperbranched block copolymers.16-18 

Here, monolayer experiments are combined with epi-fluorescence microscopy and 

interactions of the fluorescent labelled block copolymer with phospholipid bilayers are 
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studied on giant unilamellar vesicles (GUVs) by confocal laser scanning microscopy 

(CLSM).  

 

Scheme 1. Chemical structure of the rhodamine labelled Ch-PEG30-b-hbPG17-Rho and its 
CPK model with the PEG chain in an extended form 
 

Experimental Section 

 

Materials 

All reagents and solvents for syntheses were purchased from Acros Organics (Geel, 

Belgium) and used as received, unless otherwise mentioned. Dry solvents were stored 

over molecular sieves. DMSO-d6 was purchased from Deutero GmbH (Kastellaun, 

Germany). Ethoxyethylglycidyl ether (EEGE) was synthesized as described before19 and 

dried over CaH2 prior to use. Glycidol was purified by distillation from CaH2 directly prior 

to use. 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (L-DPPC) and 2,3-dipalmitoyl-sn-glycero-1-

phosphocholine (D-DPPC) were purchased from Sigma Aldrich (Schnelldorf, Germany) 

with purity > 99 %. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-

dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) were purchased 

from Genzyme Pharmaceuticals (Liestal, Switzerland) with purity > 99 %. The headgroup 

labelled fluorescence dye 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine-N-

(lissaminerhodamine B sulfonyl) (Rhodamine-DHPE), the fatty acid labelled fluorescence 
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lipid 1-acyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-

phosphocholine (NBD C12-HPC) as well as the carbocyanine dye DiO were purchased 

from Invitrogen (Karlsruhe, Germany). 1,2-Distearoyl-sn-glycero-3-

phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] ammonium salt (DSPE-

PEG-Biotin) with purity > 99 % was purchased from Avanti Polar Lipids (Alabama, USA). 

Streptavidin, bovine serum albumin (BSA) and biotinylated BSA were purchased from 

Sigma Aldrich (Schnelldorf, Germany) and used for glass coating in confocal microscopy 

experiments. Physico-chemical analyses and sample preparation were performed with 

ultrapure water from Millipore Quality (conductivity < 0.055 µS/cm, total organic carbon 

(TOC) < 5 ppm). Organic solvents for sample preparation were of HPLC-grade purity. 

 

Synthesis of Ch-PEG30-b-hbPG23 and Ch-PEG30-b-hbPG17-Rho. The protocol was slightly 

modified from previous literature20, 21 and therefore the detailed procedure is given 

here. Cholesterol (1.38 g, 3.6 mmol), CsOH monohydrate (0.539 g, 3.2 mmol; resulting in 

a degree of deprotonation of cholesterol of 90 %), and benzene were placed in a Schlenk 

flask. The mixture was stirred for about 30 min to generate the deprotonated species. 

The formed salt was dried under vacuum at 90 °C for 24 h, anhydrous tetrahydrofuran 

(THF) was added via cryo transfer, and ethylene oxide (5 mL, 100 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 60 °C in vacuum. Subsequently, 

a sample was removed for NMR and SEC analyses, ethoxyethylglycidyl ether (EEGE) 

(3.8 mL, 25 mmol) was added via a syringe, and the reaction mixture was held at 60 °C 

for an additional 12 h. After removal of another sample for characterization, the 

polymerization was stopped via an excess of methanol and acetal protecting groups of 

the PEEGE block were removed by addition of water and acidic ion-exchange resin, 

stirring for 12 h at 40 °C. The solution was filtered, concentrated, and the crude product 

was precipitated in cold diethyl ether. The block copolymer was dried in vacuum. 

Yield~ 90%. Size exclusion chromatography (SEC): Mn= 1100 g mol-1, PDI = 1.16. 

For hypergrafting of the hbPG-block, the macroinitiator was placed in a Schlenk flask 

suspended in benzene, CsOH monohydrate was added to achieve 25 % of deprotonation 

of the total amount of hydroxyl groups and after 30 min the mixture was dried under 
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vacuum. The macroinitiator was dissolved in diethylene glycol dimethyl ether (diglyme) 

(25 wt%), heated to 90 °C and a 25 wt% solution of glycidol in diglyme was added slowly 

with a syringe pump over a period of 18 h. Termination was carried out via an excess of 

methanol and an acidic ion exchange resin. The crude product was filtrated, precipitated 

in cold diethyl ether and the Ch-PEG-b-hbPG block copolymer was dried in vacuum. 

Yield ~ 80%. SEC: Mn= 1170 g mol-1, PDI= 1.27, NMR: Mn= 3430 g mol-1.The rhodamine-B-

11-azido-undecanyl ester was attached to the alkyne-functionalized polymer by click 

reaction (Reaction scheme see Supporting Information, Scheme S1; NMR for alkyne-

functionalized polymer see Figure S2). The procedures were carried out as described 

elsewhere.21, 25 

Polymer Characterization. 1H NMR spectra were recorded using a Bruker AC 300 

spectrometer operated at 300 MHz, employing DMSO-d6 as solvent. SEC measurements 

were carried out in dimethylformamide (DMF) with 0.25 g L-1 LiBr. For SEC 

measurements a UV (275 nm) and an RI detector were used. Calibration was carried out 

using poly(ethylene glycol) standards provided by Polymer Standards Service (PSS). 

Langmuir compression isotherms. The monolayer isotherms of mixed and pure DPPC 

and both polymers were determined using a Langmuir film balance (Riegler& Kirstein 

GmbH, Berlin, Germany; total area of 536 cm2) with a compression ratio of 11.5. Pure 

and mixed samples were prepared from organic stock solutions to a total concentration 

of 1 mM in a solvent mixture of 9:1 (v:v) chloroform:methanol. The solvent was allowed 

to evaporate after spreading for at least 10 min. Continuous compression of the 

monolayers was performed with a constant compression rate of 2 Å2 molecule-1 min-1 

until the collapse of the respective monolayers was reached. To the isotherm of pure 

lipid and mixed lipid/polymer samples only one compression run was needed to cover 

the complete area range for all phases. For pure polymers the compression isotherms 

had to be combined from two measurements, respectively, due to their high area 

requirements. Measurements were performed at 20 °C. 

Epi-fluorescence microscopy. The experimental setup for epi-fluorescence microscopy 

consists of an upright epi-fluorescence microscope Axio Scope A1 Vario (Carl Zeiss 

MicroImaging, Jena, Germany) with an HXP 120 C lamp and a Langmuir film balance 

(Riegler& Kirstein GmbH, Berlin, Germany; area of 264 cm2). The film balance is 

mounted on an x-y-stage (Märzhäuser, Wetzlar, Germany; x-y-z-motion control by 
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Mac5000, Ludl Electronic Products, Hawthorne, USA). Pure lipid samples were prepared 

at a concentration of 1 mM in chloroform, mixed samples of lipid and polymer in 

different molar ratios 100:1 to 5:1 and pure polymer solutions were prepared to a total 

concentration of 1 mM each in a 9:1 (v:v) solvent mixture of chloroform:methanol. After 

spreading the samples, the solvent was allowed to evaporate for at least 10 min. 

Measurements were performed at 20 °C. As fluorescence dye the head group labelled 

lipid rhodamine-DHPE (λex/em = 557/571 nm) was added in an amount of only 0.01 mol%. 

The electron multiplier effect of the 3 CCD camera (ImageEM C9100-13, Hamamatsu, 

Herrsching, Germany) allows the use of these very low fluorescence label 

concentrations. The isotherms of the lipid-polymer mixtures are thus not influenced by 

the added fluorescence label. The Zeiss filter set 20 (green light) was used for 

fluorescence excitation of rhodamine-DHPE alone. Filter set 58 HE was used for co-

localisation experiments with the rhodamin-labelled polymer Ch-PEG30-b-hbPG17-Rho co-

spread with DPPC. The used objective was a long distance LD EC Epiplan-NEOFLUAR with 

50 x magnification to observe the lipid domain formation at the air/water interface. 

Fluorescence images were taken during constant compression of the monolayers with a 

compression speed of 2 Å2 molecule-1 min-1. The images were collected with the Zeiss 

AxioVision software (Carl Zeiss MicroImaging, Jena, Germany). 

Adsorption measurements at the air/water interface. Adsorption studies of the 

polymers were performed with a home-built circular film balance with fixed surface area 

of 28.3 cm2 at a temperature of 20 °C. The subphase volume was 8.48 mL. Stirring for a 

homogeneous distribution of the specimen in the subphase was accomplished by a small 

stainless steel ball moving slowly in the field of a magnetic stirrer positioned underneath 

the trough. For surface activity tests aqueous solutions of the polymers with 

concentrations lower than the critical aggregation concentration (cac) were injected 

underneath the water surface to reach defined polymer concentrations from 500 nM up 

to 9 µM. For adsorption studies of the polymers to lipid monolayers, the lipid was first 

spread to different initial lateral surface pressures. Injections of the polymer solutions 

were then carried out 30 min after formation of the phospholipid monolayers. 

Measurements of the surface pressure were performed after the injection up to 20 h.  

Differential scanning calorimetry (DSC). Calorimetric investigations were performed 

with a VP-DSC microcalorimeter (MicroCal Inc., Northhampton, USA). Pure or mixed 
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aqueous samples were prepared following the thin film preparation method22 from 

higher concentrated stock solutions in organic solvents. After adding water to the lipid 

films to reach a total concentration of 2 mM the samples were vortexed a few times at 

about 67 °C and afterwards cooled to room temperature and filled into the sample cell 

of the DSC instrument. The reference cell was filled with ultrapure degassed water. 

Consecutive scans in a temperature range of 5-60 °C were performed to test for 

reproducibility. The water-water baseline wase subtracted from sample thermograms 

before analysis using the software ORIGIN (MicroCal Inc., Northhampton, USA). The 

thermograms presented in the figures are from the fourth upscan. 

Confocal laser scanning microscopy (CLSM). GUVs were prepared from a thin dried film 

of 10 nmol phospholipid in 570 µL deionized water at 60 °C and 10 Hz frequency of an 

alternating electrical field (3 V) in a modified variant of electroformation,23 using a 

chamber, built up of two ITO coated glass slides with a silicon ring seal in between, 

connected to a frequency generator. The phosphocholines (DLPC, POPC, DOPC) were 

mixed each with 2 mol% POPG to avoid GUV aggregation, 0.3 mol% DSPE-PEG-Biotin for 

GUV immobilization at a streptavidin coated glass surface and 0.1 mol% DiO (λex./em. = 

487/501 nm) as fluorescent membrane dye. 

A chamber of nearly 230 μL volume, formed by fixing a silicon ring (10 mm diameter, 

3 mm high) onto a coverglass, passivated with BSA/biotinylated BSA in a molar ratio 10:1 

and subsequently coated by streptavidin24 was used for microscopic observation of the 

polymer adsorption. A 57 μL aliquot of freshly prepared GUV suspension (~1 nmol PC) 

was added to pure water in the chamber and GUVs were immobilized through the biotin 

containing phospholipid moiety onto the streptavidin coated cover glass surface. The 

actual amount of PC in the sample was controlled by comparing the overall intensity of 

the membrane dye emission against a prepared phospholipid/DiO standard. Appropriate 

volumes of a 10 μM aqueous polymer solution were added stepwise on top to obtain 

molar polymer/PC ratios of 1/100 to 50/100. For long-lasting observations the chamber 

was sealed by a second coverslip on top to avoid evaporation. All experiments were 

carried out at room temperature. A Leica TCS SP2 DM IRE2 confocal microscope was 

used with a HCX PL APO 63x 1.4 oil immersion objective (Leica Microsystems, Wetzlar, 

Germany) for two channel imaging. GUV membranes with DiO as membrane dye were 

visualized by excitation at 488 nm, detecting emission at 500-520 nm. The rhodamine 
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labelled polymer was excited at 543 nm by detection at 610-630 nm to avoid cross-talk. 

For quantitative analysis of the adsorption intensity the emission in the equatorial slice 

of the GUV membrane was used. Single scans were analyzed with Leica Quantify 

Software using the regions of interest (ROI), as described elsewhere25and illustrated in 

the supporting information (Figure S3). Data shown are in agreement with the 

observation of a single GUV over time or with addition of increasing polymer ratios. Each 

experiment was repeated several times to guarantee reproducibility. 

 

Results and Discussion 

 

Tensiometry and Epi-Fluorescence Microscopy. Because monolayers can be interpreted 

as half of a membrane26 and represent an arrangement, which can be easily controlled 

in experiments, the properties of monolayers of phospholipid and cholesterol have been 

thoroughly investigated in the past. As we wanted to know how the newly synthesized 

polymers interact with lipid bilayers and monolayers, we determined first the monolayer 

isotherms of these polymers. The monolayer isotherms of Ch-PEG30-b-hbPG23 and Ch-

PEG30-b-hbPG17-Rho were determined on the Langmuir trough in combination with epi-

fluorescence microscopy to check for possible film heterogeneity (see Figure 1). As the 

polymers have much larger molecular areas due to their large headgroups (hydrophilic 

blocks) compared to lipids the isotherms had to be "stitched" together from two 

separate compression experiments. The two pieces of the isotherms are plotted 

separately into one diagram in order to demonstrate the reproducibility. Both polymer 

monolayers can be compressed to high lateral surface pressures of 38.3 mN m-1 for Ch-

PEG30-b-hbPG23 and 33.1 mN m-1 for Ch-PEG30-b-hbPG17-Rho, respectively, before film 

collapse. The relatively high stability of the monolayer is due to the hydrophobic 

cholesterol unit anchoring the very hydrophilic polymers at the air/water interface. In 

both compression isotherms a weak pseudo plateau at a surface pressure of around 

7.4 mN m-1 is observed which could indicate a squeeze-out of the hydrophilic PEG into 

the water subphase.27,28 Further compression results in a transition at ~31 mN m-1 for 

Ch-PEG30-b-hbPG23 and 22-25 mN m-1 for Ch-PEG30-b-hbPG17-Rho. The kink found in the 

compression isotherm of the rhodamine labelled copolymer monolayer is reproducibly 
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found at lower surface pressure when Ch-PEG30-b-hbPG17-Rho is spread to smaller initial 

areas per polymer molecule. The transition reflected by the kink found for both 

polymers is not related to the pronounced transition from the gaseous state to the 

crystalline state found for pure cholesterol, because this occurs at much lower area per 

molecule (see insert of Figure 1).16,29 Instead it is caused by a structural rearrangement 

of the hydrophilic headgroup consisting of the PEG spacer and the hyper-branched 

poly(glycerol) block. This rearrangement is well known from phospholipids with attached 

PEG chains. In DPPE-PEG2000 similar transitions are seen at surface pressures of 8 and 

28 mN m-1. The current interpretation of these transitions is the following. At high 

molecular area the PEG chain is located at the air-water interface and adopts the form of 

a pancake. Upon compression, a first transition into the so-called mushroom 

conformation occurs, where the PEG-chain is displaced from the air-water surface and 

extends into the subphase in mushroom-like conformation. At high pressure and lower 

molecular area the PEG-chain extends even more into the subphase forming the so-

called brush conformation. The pressure and area at which these transitions occur 

depend on the number of EG units in the chain.30-33 For the polymers with the 

cholesterol anchor a similar behavior is obviously present, however, modified by the 

presence of the hydrophilic poly(glycerol) group. As can be seen from the CPK model 

(see Scheme 1) of Ch-PEG30-b-hbPG23 the PEG chain is dominant in the area requirement 

at lower surface pressure while at higher pressure and areas below 100 Å2 molecule-1, 

when the PEG chain becomes more extended, the poly(glycerol) block will be the 

determining factor for the area at the air-water surface.  
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Figure 1. a) Compression isotherms of pure polymer monolayers; inset b) epi-
fluorescence microscopy image of Ch-PEG30-b-hbPG23, 32.3 mN m-1; inset c) epi-
fluorescence microscopy image of Ch-PEG30-b-hbPG17-Rho, 32.2 mN m-1; d) compression 
isotherm of pure cholesterol. 
 

In order to investigate the influence of Ch-PEG30-b-hbPG23 and Ch-PEG30-b-hbPG17-Rho 

on the monolayer isotherms of different phosphatidylcholines, samples with molar 

mixing ratios from 100:1 to 5:1 phospholipid:polymer were co-spread to form mixed 

monolayers at the air/water interface and then compressed on the Langmuir trough (see 

Figure 2). The influence of both polymers on the observed isotherms is similar when 

mixed with L-DPPC or POPC. The lift-off of the mixed monolayer isotherms changes from 

a sharp rise at definite areas per lipid molecule, e.g. 85 Å2 molecule-1 for L-DPPC, to a 

broader range for the increase of the surface pressure when mixed monolayer are 

compressed. As expected, the lift-off shifts to higher areas per lipid molecule the higher 

the amount of polymer in the mixture, for instance, to more than 400 Å2 molecule-1 for 

the mixture of L-DPPC:Ch-PEG30-b-hbPG17-Rho = 5:1 (see Figure 2c). The plateau region 

b) 

25 µm 

c) 

25 µm 
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of the phase transition of L-DPPC is shifted to higher lateral pressures, e.g. from 

5.2 mN m-1 for pure L-DPPC up to 10.8 mN m-1 for the mixture of L-DPPC:Ch-PEG30-b-

hbPG17-Rho = 5:1 (see Figure 2c), due to the growing polymer influence which indicates 

a destabilization of the LC phase. At higher polymer content, the pancake-mushroom 

transition of the polymer coincides with the LE-LC transition of DPPC. This is particularly 

evident when mixtures with DPPC are compared with those containing POPC, in which 

the LE-LC transition is absent (see Figure 2a,b for Ch-PEG30-b-hbPG23 and Figure 2c,d for 

Ch-PEG30-b-hbPG17-Rho). Upon further compression the mushroom to brush transition 

of the polymer remains visible, particularly for the mixtures with Ch-PEG30-b-hbPG17-Rho 

it is quite pronounced and occurs of pressures around 30-32 mN m-1. The molecular area 

shown in Figure 2 is calculated based on the phospholipid content. The shifts in 

molecular area are therefore mainly due to the presence of the polymer. At a surface 

pressure of 40 mN m-1 the molecular area of a 5:1 mixture of DPPC with Ch-PEG30-b-

hbPG23
 (16.6 mol%) is 59 Å2 molecule-1 of DPPC. The molecular area of pure cholesterol 

at this pressure is 38 Å2 compared to pure DPPC with a molecular area of 48 Å2. The 

observed difference of 11 Å2 molecule-1 of DPPC is thus larger than the calculated 

difference (7.6 Å2 molecule-1 of DPPC) with the assumption that only the cholesterol 

anchor contributes to the molecular area. The conclusion is that at this pressure the 

polymer is still stably inserted into the monolayer as the available space for the polymer 

headgroup (5 x 48 Å2 (DPPC) + 38 Å2 (cholesterol) ≈ 278 Å2 is still large enough for its 

accommodation below the lipid headgroups in the subphase. As can be seen from 

Figure 1, the mushroom-brush transition for Ch-PEG30-b-hbPG23 occurs below a 

molecular area of 100 Å2 per polymer. The polymer headgroup in the mixture with DPPC 

can therefore adopt the mushroom conformation even at a surface pressure of 

10 mN m-1. Similar results are obtained for mixtures with Ch-PEG30-b-hbPG17-Rho, 

though in this case the mushroom-brush transition occurs at higher molecular area. This 

is then also evident in the isotherms of the mixtures where this occurs at a molecular 

area of ~100 Å2 per lipid for the 5:1 mixture (see Figure 2c).  

POPC is only in the LE state at room temperature. Therefore, the pseudo-plateau for the 

LE-LC transition is missing in the isotherms (Figure 1b,d) and only the transitions of the 

polymer remain visible, particularly the pancake to mushroom transition at lower 
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surface pressure. The mushroom to brush transition is somewhat obscured due to the 

lower stability of the monolayers containing POPC.  

The collapse pressures of the mixed monolayers are hardly affected by the addition of 

the polymer and are in the range between 48 and 55 mN m-1 for mixtures with DPPC and 

between 42 and 44 mN m-1 for mixtures with POPC, which show again lower stability.  

 

To obtain further information on morphological behavior of the co-spread PC/polymer 

monolayers in the LE-LC transition region, epi-fluorescence microscopy images for the 

mixtures of L-/D- and rac-DPPC with both polymers in the different mixing ratios were 

recorded at different surface pressures during constant compression of the film at low 

speed. The images shown in Figures 3 and 4 were obtained for the mixtures L- or rac-

DPPC:Ch-PEG30-b-hbPG23/17(-Rho) = 10:1. 

Figure 2. Compression isotherms of co-spread mixtures of the phospholipids L-DPPC and 
POPC in the mixture with the polymers Ch-PEG30-b-hbPG23 and Ch-PEG30-b-hbPG17-Rho 
in molar ratios of 100:1 to 5:1 phospholipid:polymer. 
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Figure 3. Epi-fluorescence microscopy of monolayer of a)-c) L-DPPC:Ch-PEG30-b-hbPG23 = 
10:1 and d)-f) L-DPPC:Ch-PEG30-b-hbPG17-Rho = 10:1 at surface pressures of a) 9.8 mN m-

1; b) 14.0 mN m-1; c) 23.9 mN m-1; d) 10.3 mN m-1; e) 11.8 mN m-1; f) 14.2 mN m-1. 
 

The observed domain shapes are quite different for both polymers in the mixture with L- 

and rac-DPPC, respectively. For monolayers of mixtures of L-DPPC:Ch-PEG30-b-hbPG23 = 

10:1, thinned domains which still exhibit the typical triskelion domain shape for pure L-

DPPC can be found (Figure 3a). Domain thinning results from the insertion of the 

cholesterol anchor of the amphiphilic block copolymer into the monolayer and its 

concentration at the phase boundary of the LC lipid domains. The domain boundary of 

the LC-L-DPPC domain has a lower line tension than without polymer. This lower line 

tension allows that repulsive forces dominate leading to an elongation of the former 

compact triskelion domains.34-36 Domain thinning has also been observed for mixtures of 

DPPC with pure cholesterol at a concentration of only 2 mol% cholesterol 37 Differences 

in domain shapes observed here from the domain shapes of L-DPPC with co-spread pure 

cholesterol obviously result from the influence of the hydrophilic hyperbranched 

poly(glycerol) and the linear poly(ethylene glycol) blocks. As can be seen in Figure 3b 

regular protuberances develop in the inside of the LC triskelions shaped domains which 

can be related to the macromolecular crowding at the interface.  
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Upon further compression of the L-DPPC:Ch-PEG30-b-hbPG23 monolayer growth of the LC 

domains occurs and the protuberances seem to be reduced (see Figure 3c). 

Protuberances only occur on the inside of the domain arms. Here, the line tension is 

lower than on the strongly curved outside. Zwitterionic lipids repel each other within the 

LC domains and in places where repulsion dominates the line tension, the excrescences 

develop. Totally different domain shapes result from the addition of the rhodamine 

labelled polymer Ch-PEG30-b-hbPG17-Rho to L-DPPC (see Figure 3d-f). A tremendous 

lowering of the line tension is observed, indicated by the formation of very narrow 

domain stripes. The domains appear as stripes which are frequently curled. The stripes 

do not coalesce upon further compression of the monolayer, hence the driving force for 

reducing the domain length between LE and LC domains is very low. From a chemical 

point of view, the only differences between the two polymers Ch-PEG30-b-hbPG23 and 

Ch-PEG30-b-hbPG17-Rho are the number of six glycerol units in the hyperbranched region 

and the additional covalently linked rhodamine label. These structural differences are 

both located within the hydrophilic region of the polymer, which is only located at the 

air-water interface at large molecular areas in the so-called pancake regime. At surface 

pressures between 10-14 mN m-1 the polymer is already in the mushroom conformation 

and should be extended into the subphase. As we observed these striking differences in 

the monolayer behavior of these two polymers we can conclude that for Ch-PEG30-b-

hbPG17-Rho specific interactions between the hydrophilic headgroup of the polymer and 

the head groups of the phosphatidylcholine must exist. Most likely additional hydrogen-

bonding and hydrophobic interactions are occurring. The fluorescent label is connected 

to the poly(glycerol) block via a hydrophobic spacer. The rhodamine moiety is composed 

of conjugated aromatic rings but also carries a positive charge. Therefore, this moiety is 

by itself amphipathic and may well be able to also insert into the interfacial region of the 

lipid headgroups. The observed larger molecular areas in mixtures of PCs with Ch-PEG30-

b-hbPG17-Rho are support for this proposition as are the observed domain shapes 

indicating a much lower line tension between the domains caused by the additional 

interaction of the attached rhodamine dye with the lipid monolayer. For D-DPPC 

mixtures with the block copolymers very similar domain shapes are observed with the 

exception that the curling direction is opposite (images not shown).  
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Figure 4. Epi-fluorescence microscopy of monolayers of a)-c) rac-DPPC:Ch-PEG30-b-
hbPG23 = 10:1 and d)-f) rac-DPPC:Ch-PEG30-b-hbPG17-Rho = 10:1 at surface pressures of 
a) 9.4 mN m-1; b) 11.8 mN m-1; c) 17.7 mN m-1; d) 10.3 mN m-1; e) 10.8 mN m-1; f) 
12.9 mN m-1. 
 

The polymers with eight stereogenic centers within the cholesterol unit were 

investigated for their ability to influence the DPPC domain chirality at the air/water 

interface. Therefore, the polymers were mixed and co-spread with a racemic mixture of 

L- and D-DPPC. Epi-fluorescence images of the mixed monolayers in the LE-LC 

coexistence region are shown in Figure 4. Neither in mixtures of both polymers with L- 

or D-DPPC nor with racemic DPPC we observed a change in domain chirality. The 

preferred curling direction of L- and D-DPPC triskelions due to their own stereogenic 

center in the hydrophilic headgroup and the 30 ° tilt of the fatty acid chains38 is 

unaltered by the incorporation of the cholesterol containing polymers. For racemic DPPC 

condensed domains without a preferred curling were observed. At higher lateral 

compression the LC domains appeared as bundles of parallel oriented stripes. 

In monolayers of racemic DPPC the LC domains found for the mixture rac-DPPC:Ch-

PEG30-b-hbPG2= 10:1 are again much thinner and thus affected by the cholesterol unit of 

the polymer and additionally by the hydrophilic blocks of poly(ethylene glycol) and 

hyperbranched poly(glycerol) (see Figure 4a-c). The observed domain thinning effects 
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again result from a lower line tension compared to the original phase boundary between 

the two co-existing DPPC phases.34-37 As already observed before, the rhodamine 

labelled polymer Ch-PEG30-b-hbPG17-Rho has a totally different effect on the domain 

shapes compared to the polymer Ch-PEG30-b-hbPG23. The very thin striped domains start 

to grow from a star-like domain and run almost parallel over large distances. The stripe-

like domains are very stable and do not coalesce upon compression of the film. This 

shows again that the rhodamine-labelled polymer is much more line active due to its 

fluorescent label with the hydrophobic moiety. 

Time- and Concentration-Dependent Adsorption Measurements at the Air/Water 

Interface. In order to test the polymers for their surface activity concentration-

dependent adsorption measurements of the polymers to the pure water surface were 

performed. After injection of different amounts of the polymer into the water subphase 

the increase in surface pressure was recorded over a time period of 20 h (see Figure 5a). 

Both polymers show a high surface activity. At the saturation concentration of ~9 M for 

Ch-PEG30-b-hbPG23 the surface pressure was 28.6 mN m-1. For Ch-PEG30-b-hbPG17-Rho 

the saturation concentration was somewhat lower with ~6 M with a pressure of 

27.3 mN m-1. The results obtained with Ch-PEG30-b-hbPG23 are in agreement with 

previous results of experiments using only one defined concentration of 2 M.18 The 

surface activity of Ch-PEG30-b-hbPG17-Rho is thus slightly higher compared to its non-

labelled analogue, again probably caused by the amphiphilic fluorescent label. This is 

particularly evident when the surface pressure at a concentration of only 500 nM is 

compared, where the two values are 12 mN m-1 for Ch-PEG30-b-hbPG23
 and 19 mN m-1 

for Ch-PEG30-b-hbPG17-Rho.  
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Figure 5. a) Surface pressure as a function of concentration for the adsorption of the 

polymers to the pure air-water surface. b) Change in surface pressure  observed for 

the adsorption to monolayers of L-DPPC with different initial surface pressure  c) 

Change in surface pressure  observed for the adsorption to monolayers of L-POPC 

with different initial surface pressure  Polymer concentration after injection was 
500 nM in b) and c). 
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We then studied the adsorption of the polymers using lowest concentration of only 

500 nM to preformed L-DPPC and POPC monolayers, which were spread to distinct 

surface pressures (see Figures 5b,c). The equilibrium surface pressure after injection of 

the polymers underneath the monolayer is reached after a significantly shorter time of 

only 2-3 h (not shown), i.e. the adsorption to the lipid monolayers occurs faster than to 

the air-water interface indicating an additional driving force due to the presence of the 

lipid monolayer at the surface. A plot of  vs.  yields the maximal insertion pressure 

MIP of a compound when a linear fit of the data points is performed and extrapolated to 

 = 0. For this fit the first data points shown in Figures 5b,c, representing the surface 

pressure of a pure polymer film at the same concentration, have to be excluded. The 

maximal insertion pressure of Ch-PEG30-b-hbPG23 adsorption to L-DPPC is more than 

~44 mN m-1 and for Ch-PEG30-b-hbPG17-Rho adsorption to L-DPPC it is ~40 mN m-1. For 

the adsorption to POPC monolayers the respective values are 39 and 44 mN m-1. The 

high MIP values show very clearly the high insertion capability of both polymers into 

biological membranes, considering that the so-called monolayer-bilayer equivalence 

pressure is 30-35 mN m-1.26 Thus both, the unlabelled and the rhodamine labelled 

polymer are capable of inserting into liquid expanded as well as into tightly packed liquid 

condensed PC monolayers although only a very low amount of aqueous polymer was 

injected. From Figures 5b and 5c it is furthermore obvious that surface pressures 

reached after the adsorption of the polymers to phospholipid monolayers are 

considerably higher than the maximum surface pressures reached from adsorption of 

the polymers alone to the air-water surface. This leads to the conclusion that strong 

attractive forces between PCs and the used polymers Ch-PEG30-b-hbPG23 and Ch-PEG30-

b-hbPG17-Rho exist. The polymer adsorption behavior to phospholipid monolayers is 

different for both copolymers. Although they are both able to insert into even densely 

packed liquid condensed monolayers the adsorption data for the rhodamine labelled 

polymer exhibit higher surface pressure differences by adsorption than the unlabelled 

polymer. This difference is even more pronounced for adsorption to the liquid expanded 

POPC monolayer. This agrees with the higher surface activity of the labelled polymer and 

is again caused by the additional amphipathic rhodamine label attached to the 

hyperbranched poly(glycerol) block. 
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Differential Scanning Calorimetry. In order to test, whether the different results 

obtained for the interaction of the two polymers with monolayers at the air-water 

interface are also observable with bilayer systems of the same phospholipids, 

differential scanning calorimetry (DSC) measurements were performed. DSC is a suitable 

method to study the thermotropic behaviour of lipid bilayers. Changes in the width and 

temperature of the main phase transition of phospholipids from the gel to the liquid-

crystalline lamellar phase are used as an indicator for the interaction of other molecules 

with the bilayer. For instance, the shift of the bilayer phase transition to lower 

temperature with concomitant broadening of the transition is usually interpreted as an 

indication for the insertion of hydrophobic parts of the interacting molecule into the 

hydrophobic region of the bilayer.  

The main phase transition temperature of pure DPPC vesicles occurs at 41.6 °C. After 

addition of different polymer concentrations to L-DPPC leading to molar ratios 

lipid:polymer of 100:1 to 5:1 the change of the main phase transition peak was 

investigated. For both polymers in mixtures with L-DPPC similar effects were observed. 

Only one major transition peak is observed demonstrating that no phase separation into 

large domains with different composition occurs. The transition peaks in Figure 6a and 

6b are shifted to lower transition temperatures with increasing amount of polymer. 

With higher mole fractions of cholesterol-linked block copolymer the pre-transition of 

pure DPPC bilayers, which marks the transition from the ordered Lβ-phase to the Pβ-

ripple phase vanishes. Also the sharp narrow DPPC peak broadens and is almost absent 

for both 5:1 mixtures of L-DPPC with the polymers. The maximum in the shift is observed 

for the 5:1 mixture with a difference of 2.4 K for L-DPPC mixed with Ch-PEG30-b-hbPG23 

(see Figure 6a) and of 2.2 K for L-DPPC mixed with Ch-PEG30-b-hbPG17-Rho (see 

Figure 6b). The temperature downshift can be interpreted as a consequence of the 

incorporation of the cholesterol anchor into the bilayer membrane of DPPC. A molar 

ratio of 5:1 corresponds to 16.6 mol% of cholesterol incorporated into the bilayer. When 

the DSC curves in Figure 6 are compared to those obtained with DPPC:cholesterol 

mixtures similarities are observable. For instance, for cholesterol contents between 10 

and 20 mol% in DPPC:cholesterol mixtures, the DSC peaks consist of a relatively sharp 

peak overlapping with an underlying broad peak, the sharper peak being shifted to 

lower temperature compared to the main phase transition of pure DPPC.1, 2, 5,15, 40 This 
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behavior is quite similar to the peaks observed for DPPC mixed with Ch-PEG30-b-hbPG23 

shown in Figure 6a, indicating that the major effect comes solely from the incorporation 

of the cholesterol moiety into the lipid bilayer. This is different for the polymer with the 

rhodamine label. The DSC curves in Figure 6b for high polymer content do not show this 

superposition of the sharp component. While the cholesterol anchors the polymer to 

the lipid bilayer by being incorporated into the hydrophobic region, the rhodamine label 

has again an influence on the bilayer system by eliminating the sharp peak caused by the 

transition of residual pure DPPC. The stronger interaction of the hyperbranched 

poly(glycerol) block with the attached amphipathic rhodamine label with the lipid 

headgroup region apparently leads to a better mixing of the system. 

 

Figure 6. DSC thermograms of the upscans of pure DPPC and the binary mixtures of L-
DPPC:Ch-PEG30-b-hbPG23 = x:1 (left) and L-DPPC:Ch-PEG30-b-hbPG17-Rho = x:1 (right). 
 

Polymer interaction with phosphocholine giant unilamellar vesicles (GUVs). Using 

confocal imaging details of the interactions between the fluorescent labelled polymer in 

aqueous solution and GUVs of different phosphocholines can be studied. We find that 

the labelled block copolymer shows a high affinity to the different preformed GUVs of 

saturated 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), unsaturated 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC) and asymmetric saturated/unsaturated 1-
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palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (see Figure 7 and 8). Fast 

polymer adsorption is already observed for the very small polymer/phospholipid ratio of 

1/100, using a low polymer concentration of about 0.05 µM in the aqueous solution.  

Quantitative analysis of the membrane fluorescence intensity is an indicator of polymer 

adsorption (see Supp. Inf. Figure S3), i.e. it correlates with the polymer concentration 

(see Figure 7a) or it is a function of time (see Figure 7b). This clearly gives evidence for 

an interaction of the cholesterol anchor with the phospholipid membrane (see 

Scheme 2). In detail, the fluorescence intensity of the rhodamine label in the membrane 

is considerably higher for the GUVs composed of symmetrical phospholipids. Thus, 

polymer insertion into GUVs proceeds faster and easier for the higher ordered 

symmetrical phospholipid systems compared to asymmetrical POPC membranes. This is 

not obvious from monolayer experiments and it can be explained by the formation of a 

special interdigitated bilayer system by asymmetrical phospholipids. The insertion of a 

cholesterol anchor disturbs this kind of membrane mostly due to its hindrance of 

interdigitation.15 Consequently, cholesterol is less attractive for POPC membranes 

compared to the DOPC- and DLPC-GUVs. As already known from adsorption 

investigations at phospholipid monolayers it confirms that the polymer insertion ability 

does not depend on the state of saturation of the fatty acid chains. The differences in 

the insertion behavior of the block copolymer can be explained by cholesterol solubility 

in the different hydrophobic regions of the bilayer systems. 

Figure 7. Adsorption intensity of Ch-PEG30-b-hbPG17-Rho at different single phase GUV 
membranes. a) adsorption of molar polymer ratios, data points taken at 30 min of 
incubation for the DLPC- and the DOPC-GUV, 1 h of incubation for the POPC-GUV; b) 
time-dependent adsorption from Ch-PEG30-b-hbPG17-Rho/phospholipid molar ratio of 
1/100. 
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Confocal images of the GUV equatorial layers, shown in Figure 8, visualize the different 

insertion ability of the block copolymer into the membranes, decreasing in the order of 

DOPC>DLPC>POPC and they show the increasing rhodamine fluorescence intensity with 

increased ratio of polymer addition, analyzed in Figure 7a. Furthermore, the rhodamine 

fluorescence distribution proves a homogeneous arrangement of the polymer in the 

GUV membranes (see Figure 8 and 9). Up to a polymer/phospholipid ratio of 20-30/100 

the vesicles remain stable for several days and no significant desorption processes are 

observed by changing the polymer solution to pure water (see Figure 9b). 

 

Figure 8. Confocal imaging of increasing polymer adsorption at DLPC, DOPC and POPC 
GUV membranes; green: membrane dye DiO; orange: rhodamine-labelled polymer Ch-
PEG30-b-hbPG17-Rho. Scale bar is 5 µm, each. 
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Figure 9. Confocal images of immobilized DLPC GUVs before and after incubation in 
aqueous polymer solution; on top: equatorial single scans, below: vertical single scans; 
green: membrane dye DiO; orange: rhodamine-labelled polymer Ch-PEG30-b-hbPG17-
Rho; a) 24 h incubation with polymer/phospholipid ratio of 1:2; b) GUV after polymer 
adsorption (1:10 polymer ratio) transferred to pure water for 2 h. Scale bar is 5 µm. 
 

Addition of higher polymer ratios affects the phospholipid membrane, the GUVs lose 

their stability and rigidity and membrane fluctuations occur. Small membrane pieces are 

released inside and outside the bilayer but also these GUVs can be stable for more than 

24 h (see Figure 9a).  

The occurrence of the polymer fluorescence inside the GUV might possibly indicate the 

ability of Ch-PEG30-b-hbPG17-Rho to generate membrane channels. Polymeric moieties 

might be able to cross the bilayer and it is very likely that cholesterol is the anchor which 

inserts into the outer as well as into the inner layer of the vesicular membrane. The 

more hydrophilic linear block as well as the hydrophilic hyperbranched block with the 

rhodamine label is exposed to water. Hence, the presented results match already 

published data on the interactions of cholesterol anchored poly(glycerols) with GUVs25 

as well as the more general knowledge about the membrane crossing properties of 

amphiphilic block copolymers depending on their molar mass and hydrophobic-

hydrophilic balance. Copolymers are able to insert and to span phospholipid membranes 

as well as to form and close bilayer pores.17,18, 41 
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Conclusions 

 

In the present work, we investigated the interactions of the phospholipids DPPC and 

POPC with the synthetic polyphiles Ch-PEG30-b-hbPG23 and Ch-PEG30-b-hbPG17-Rho 

consisting of a cholesterol unit covalently linked to a hydrophilic polyether-based block 

copolymer. Both polymers differ in six glycerol units within the hydrophilic 

hyperbranched part and a likewise covalently linked rhodamine fluorescence label. 

Tensiometry showed a high surface activity for both polymers which is caused by the 

hydrophobic cholesterol moiety anchoring the polymer to the air/water interface. The 

labelled polymer, however, shows a higher surface activity than the unlabelled analogue 

showing that the linker and the rhodamine label have apparently also ampathic 

character and therefore increase the surface activity.  

Monolayer experiments of mixed lipid/polymer systems showed the miscibility of both 

polymers with the phospholipid monolayers in co-spread films as well as in adsorption 

experiments using preformed lipid monolayers. Co-spreading experiments combined 

with epi-fluorescence microscopy showed for both polymer mixtures with DPPC new 

and for both polymers very different liquid-condensed domain shapes. The polymers are 

inserted with the cholesterol moiety into the lipid monolayer and accumulate at the LC 

domain boundaries when the lipid film is compressed. Thus the line tension between the 

LE and LC domains is reduced, new "interfaces" can now more easily be formed. This 

leads to a thinning of the LC domains which can grow to very long stripes running 

parallel to each other and not coalescing at higher pressure due to domain repulsion. An 

influence of the stereogenic centers of the cholesterol unit on the chirality of the LC 

domains was not observed. The rhodamine labelled polymer was more effective in 

reducing the line tension. This is in line with its higher surface activity. Adsorption 

experiments confirmed the polymer insertion into phospholipid monolayers, even into 

LC layers of DPPC at high surface pressures. The observed MIP values were 40 mN m-1 or 

higher and thus well above the monolayer-bilayer equivalence pressure of 30-

35 mN m-1. Thus, the ability of the insertion of the polymers into model bilayer 

membranes was to be expected. This was indeed observed with lipid vesicle systems 

with added polymer. Increasing amounts of the block copolymer in the mixture with 
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DPPC lead to significant changes in the thermotropic behavior studied by DSC. The peak 

of the main transition of DPPC became much broader for lipid/polymer mixtures with 

molar ratios of 5:1. A comparison with the thermotropic behavior of DPPC/cholesterol 

mixtures lead to the conclusion that indeed the polymers have very similar effects on 

the transition behavior due to their cholesterol anchor. However, the rhodamine 

labelled polymer has different effects due to the interaction of the rhodamine label with 

the lipid headgroup region. Additional experiments were performed with GUVs using 

CLSM.  The GUV experiments again proved the high affinity of the polymers for 

phospholipid membranes. The results obtained with GUVs are in good agreement with 

the adsorption measurements of the polymers to phospholipid monolayers. 

Quantitative analysis of the adsorption intensity of the rhodamine labelled polymer to 

different GUVs suggests again the interaction of the cholesterol anchor with the 

phospholipid bilayer.  
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Supporting Information 

 

 

Scheme S1. Functionalization and derivatization reactions of the linear-hyperbranched 
polymer. Although one alkyne group per polymer chain is drawn here, there is a 
statistical distribution of alkyne groups within the sample. Polymer chains without or 
with more than one alkyne groups are possible. 
 

 

Figure S2. 1H NMR spectrum of the alkyne-functionalized copolymer Ch-PEG30-hbPG17. 

1H NMR analysis: 
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Cholesterol-PEG-hbPG-OCH2C≡CH: 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 5.31 (C=CH 

cholesterol), 4.72-4.44 (br, OH, different signals due to hyperbranched PG), 4.24-4.13 

(OCH2-C≡CH), 3.60-3.16 (polyether backbone; CHO cholesterol), 2.29-0.82 (br, CH2, CH 

cholesterol), 0.64 (br, -CH3 cholesterol). 

 

Figure S3. Method of intensity determination of an equatorial GUV slice by use of ROI. 
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Abstract 

 

To overcome the limited functionality of “stealth” lipids based on linear poly(ethylene 

glycol) (PEG) chains, hyperbranched polyether-based lipids that bear multiple hydroxyl 

groups for further chemical modification may be a suitable replacement for the “gold 

standard” PEG. This study focuses on the development and characterization of “stealth” 

liposomes modified with a novel hyperbranched polyglycerol lipid (Cholesterol-PEG30-

hbPG23). An emphasis was placed on the stability of these liposomes in comparison to 
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those containing a linear PEG derivative (Cholesterol-PEG44) directly in human blood 

serum, characterized via dynamic light scattering (DLS). Polymer lipid contents were 

varied between 0 mol% and 30 mol% resulting in liposomes with sizes between 150 nm 

and 80 nm in radius, depending on the composition. DLS analysis showed no aggregation 

inducing interactions between serum components and liposomes containing 10-30 mol% 

of the hyperbranched lipid. In contrast, liposomes functionalized with comparable 

amounts of linear PEG exhibited aggregate formation in the size range of 330 nm to 170 

nm under similar conditions. In addition, cryo-TEM was employed for all liposome 

samples to prove the formation of unilamellar vesicles. These results demonstrate the 

outstanding potential of introducing hyperbranched polyglycerol into liposomes to 

stabilize the assemblies against aggregation while providing addition functionalization 

sites. 

 

Introduction 

 

Since the 1970s liposomes have played an important role for drug delivery systems, due 

to their capability to reduce harmful side effects of drugs on healthy tissue, while 

implementing passive targeting.1,2,3 These spherical, vesicular structures are composed 

of lipid bilayers (usually phospholipid) that separates the hydrophilic interior 

compartment from the outside. Liposomes can entrap either hydrophilic drugs inside 

the vesicle or hydrophobic drugs inside the lipid bilayer, and deliver these materials to 

the desired site of action. Passive targeting can be achieved through the “enhanced 

permeability and retention” (EPR) effect, which describes the increased permeability of 

blood vessels in a tumor or inflamed tissue.4,5 Prolonged plasma half-life leads to 

increasing time intervals, in which permeation of macromolecules or liposomes can 

occur.6,7 

However, main disadvantages of conventional liposomes include their rapid removal 

from the blood by macrophages after opsonin binding by the mononuclear phagocyte 

system (MPS) as well as their physical and chemical instability.8,9,10 Moreover, 

conventional liposomes exhibit low stability in plasma due to their interaction with low 

(LDL) and high density (HDL) lipoproteins.11 To overcome these drawbacks, liposome 
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surfaces can be modified with synthetic polymers, like poly(ethylene glycol) (PEG), a 

highly biocompatible polyether. The presence of a polymer shell has been shown to lead 

to prolonged blood circulation times,12-14 reduced MPS uptake,15 reduced aggregation of 

PEGylated carriers, and better stability of these liposomal carriers. The resulting, so-

called “stealth” effect is ascribed to steric stabilization of the vesicles by the 

polymer,11,16 combined with the additional hydrophilicity of the PEG chains attached 

that can prevent the adsorption of blood components onto the liposome surface.17 The 

“stealth” liposomes are already established in clinical use and anti-cancer treatment by 

the incorporation of cytostatic drugs, like doxorubicin, known as Doxil®/ Caelyx®.11,18-20 

The MPS implies phagocytic cells that are responsible for the elimination of 

macromolecules and liposomes in the circulating blood stream.21 This mechanism is 

believed to be promoted by serum proteins that adsorb at the surface of the particle, 

leading to phagocytosis by macrophages. Liposome charge and size, lipid composition, 

and liposomal surface coating all have a tremendous influence on particle-protein 

interactions, and can be used to tune the circulation times.22-24  

Blood is an extremely diverse liquid system in the human body and is the first medium 

that comes into contact with drug-delivery materials upon intravenous injection. It is not 

the particles themselves that induce biological responses with foreign substances, but 

the protein layer that coats the particles.25 The protein corona formed after exposure to 

the blood stream alters size and surface composition of nanoparticles or liposomes and 

with that, targeting properties, cellular uptake, and in vivo distribution are 

influenced.26-29 Interaction with blood components or aggregation in serum influences 

the vesicle’s fate in vivo.28 Papahadjopoulos and coworker proposed that liposome 

stabilization results from surface concentration of highly hydrated groups. These 

moieties inhibit both electrostatic and hydrophobic interactions, which can occur 

between the vesicle’s surface and several blood components.30  

Improvement of methods that predict the in vivo pharmacokinetics of delivery systems, 

such as liposomes, without time-consuming and expensive animal tests is indispensable. 

Our group has established a method to detect aggregation of materials in undiluted 

human blood serum via dynamic light scattering (DLS), which is currently the closest 

analysis to resembling in vivo conditions. PEGylated poly-L-lysine, for example, was 

investigated with different degrees of PEGylation. Aggregates with a few hundreds of 
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nanometers could be detected with less than 10% PEGylation, while with over 20% 

functionalization, no aggregation was observed.31 However, despite improved 

pharmacokinetics and vesicle stabilization that accompanies the incorporation of PEG 

into liposomes there are still several disadvantages to these systems. For instance, 

methoxypoly(ethylene glycol) (mPEG) has a single hydroxyl group that is used for the 

attachment to phospholipids, yet the lack of additional functionalities limits the 

possibilities for further modify the assembled liposomes for applications such as active 

targeting. In an effort to overcome this obstacle, our group has synthesized a variety of 

hyperbranched polyglycerol (hbPG)-based lipids by an oxyanionic ring-opening 

polymerization technique of glycidol or other functional epoxides.32,33 Herein, we 

utilized cholesterol as the initiator to polymerize a diblock copolymer structure, where 

the first block was a linear PEG spacer linked to a multifunctional hbPG segment.34-37 The 

hbPG block provides numerous hydroxyl groups that can be used for post-

polymerization functionalization (i. e. with targeting or tracking species) or to promote 

aqueous solubility, improved liposome shielding, and resistance to protein 

adsorption.38,39 Specifically, hbPG has been reported to exhibit similar or even better 

protein repulsion at surfaces than linear PEG with comparable molecular weight. This 

effect is believed to be related to the brush-like architecture and multiple hydroxyl 

groups of the hyperbranched polymer.38,39,40 The linear-hyperbranched diblock 

copolymer structure used in this study combines the advantages of a flexible PEG chain 

with those of a multifunctional, presumably more densely packed hbPG (see Figure 1). 
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Figure 1: Cartoon of PEGylated liposomes left: coating with Ch-PEG chains (red); right: 
coating with Ch-PEG-hbPG (red and blue). 
 

In the present work, liposomes based on cholesterol and egg phosphatidyl choline (EPC) 

with variable content (10-30 mol%) of either Ch-PEG44 or linear-hyperbranched Ch-

PEG30-hbPG23 were investigated with regard to their size in physiological buffer solution. 

Characterization of the liposomes in physiological buffer solutions was carried out in 

concentrated human blood serum with respect to their aggregation behavior with the 

serum proteome. Cryo-TEM was employed to prove the formation of vesicles. 

 

Materials and Methods 

 

Reagents 

All reagents and solvents were purchased from Acros and used as received, unless 

otherwise mentioned. Dry solvents were stored over molecular sieves and were 

purchased from Fluka. Deuterated DMSO-d6 was purchased from Deutero GmbH, and 

stored over molecular sieves. Ethanol (abs.) was purchased from VWR international. 

Phosphate buffered saline (PBS solution) was purchased from Invitrogen/Gibco. 

Cholesterol was purchased from Acros and stored at 8 °C. Hydrogenated egg 

phosphatidylcholine (EPC-3) was a gift from Lipoid GmbH and stored at -20 °C. The 

extruder, the polycarbonate membranes and filters were used from Avanti Polar Lipids. 
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Ethoxyethyl glycidyl ether (EEGE) was synthesized as described in the literature41 and 

dried over CaH2 prior to use. Glycidol was purified by distillation from CaH2 directly prior 

to use.  

 

Polymer synthesis 

Ch-PEG44: Cholesterol (0.800 g; 2.1 mmol), CsOH monohydrate (0.313 g; 1.9 mmol; 

degree of deprotonation 90%) and benzene were placed in a Schlenk flask. The mixture 

was stirred for about 30 min at RT to generate the cesium alkoxide. The salt was dried 

under vacuum at 90 °C for 24 h, anhydrous tetrahydrofuran (THF) was added via cryo 

transfer, and ethylene oxide 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 RT, heated to 60 °C, and the polymerization was performed at 60 °C in vacuum for 

24 h. The reaction was quenched with methanol, stirred over acidic ion-exchange resin 

(Dowex 50WX8), the solvent was evaporated and the crude product was precipitated in 

cold diethyl ether. (Mn,NMR= 2300 g mol-1, Mn,SEC= 1600 g mol-1, PDI= 1.1). 

Ch-PEG30-linPG; Macroinitiator for the hyperbranched block: The protocol was slightly 

modified from the previous literature.32,33 Therefore the detailed procedure is given 

here. 

Cholesterol (1.38 g; 3.6 mmol), CsOH monohydrate (0.539 g; 3.2 mmol; degree of 

deprotonation 90%), and benzene were placed in a Schlenk flask. The mixture was 

stirred for about 30 min at RT to generate the cesium alkoxide. The formed salt was 

dried under vacuum at 90 °C for 24 h, anhydrous THF was added via cryo transfer, and 

ethylene oxide (5 mL; 100 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 RT, heated to 60 °C, and the polymerization was performed at 60 °C in 

vacuum for 24 h. Subsequently, a sample was removed for NMR and SEC analysis, 

ethoxyethyl glycidyl ether (EEGE) (3.8 mL; 25 mmol) was added via a syringe, and the 

reaction mixture was held at 60 °C for additional 12 h. After removal of another sample 

for characterization, the polymerization was stopped via an excess of methanol and 

acetal protecting groups of the PEEGE block were removed by addition of water and 

acidic ion-exchange resin (Dowex 50WX8), stirring for 12 h at 40 °C. The solution was 
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filtered, concentrated, and the crude product was precipitated in cold diethyl ether. The 

block copolymer was dried in vacuo.  

Ch-PEG30-hbPG23; Hypergrafting of glycidol: The macroinitiator Ch-PEG30-linPG7 (1.41 g; 

0.6 mmol) was suspended in benzene and placed in a Schlenk flask, CsOH monohydrate 

(0.213 g; 1.3 mmol) was added to achieve 25% of deprotonation of the total amount of 

hydroxyl groups and after 30 min the mixture was dried under vacuum at 90 C. The 

macroinitiator was dissolved in diethylene glycol dimethyl ether (diglyme) (25 wt%), 

heated to 90 °C and a 25 wt% solution of glycidol (0.71 mL; 10.8 mmol) in diglyme was 

added slowly with a syringe pump over a period of 18 h. Termination was carried out via 

an excess of methanol and an acidic ion exchange resin. The crude product was filtrated, 

precipitated in cold diethyl ether and the Ch-PEG30-hbPG23 block copolymer was dried in 

vacuo (Mn,NMR= 3400 g mol-1, Mn,SEC= 1400 g mol-1, PDI= 1.16). 

 

Liposome preparation 

Liposomes consisting of either the amphiphilic Ch-PEG44 or Ch-PEG30-hbPG23 block 

copolymer, cholesterol, and egg phosphatidylcholine (EPC) were prepared by the thin 

film hydration method on a clean bench. A solution of EPC in ethanol, cholesterol in 

ethanol and the copolymer in ethanol were blended at different molar ratios varying 

from 0 to 30 mol% (Table 1). The solvent was evaporated in a rotating evaporator to 

obtain a thin film of liposome components. The lipid film was hydrated with 1 mL of PBS 

buffer solution to obtain a final lipid concentration of 21 mg/mL, sonicated for 10 min at 

50 °C to yield multilamellar vesicles (MLVs), and extruded through a 400 nm 

polycarbonate membrane 5 times, followed by the repeated extrusion through a 100 nm 

membrane (11 times) to obtain small unilamellar vesicles (SUVs). The suspension was 

stored at 4 °C in an Eppendorf tube.  
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Table 1: Different molar ratios used for the preparation of the novel sterically stabilized 
liposomes (Notation: L= Liposomes, 10, 15, 20, 30 = mol% of polymer, respectively). 
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Ch-PEG44/mol% 0 0 10 0 15 0 20 0 30 

Ch-PEG30-hbPG23/mol% 0 10 0 15 0 20 0 30 0 

EPC/mol% 55 55 55 55 55 55 55 55 55 

Cholesterol/mol% 45 35 35 30 30 25 25 15 15 

 

Polymer Characterization 

1H NMR spectra were recorded using a Bruker AC 300 spectrometer operated at 

300 MHz, employing DMSO-d6 as solvent. Size exclusion chromatography (SEC) 

measurements were carried out in dimethylformamide (DMF) with 0.25 g L-1 LiBr. For 

SEC measurements a UV (275 nm) and an RI detector were used. Columns were MZ SDV 

10000/500/50. Calibration was carried out using poly(ethylene glycol) standards 

provided by Polymer Standards Service (PSS). 

Cryo-TEM preparation 

The grids (CF-2/2-3C-T50 Grids; Protochips) were washed in chloroform for an hour and 

rinsed five times with acetone. After drying, the grids were negatively glow discharged 

(30 s at 30 mA) and 3 µl of the liposome sample were placed on the grid, respectively. 

Cryo-samples were vitrified in liquid ethane using a Gatan Cryoplunge™3 (relative 

humidty: 92%; blotting time for double-sided blotting: 3 s; temperature: 18 °C) and 

imaged with an FEI Tecnai 12 (acceleration voltage: 120 kV) transmission electron 

microscope equipped with a TVIPS TemCam-F416 (TVIPS, Gauting, Germany). 

Preparation of blood serum 

The human blood serum, prepared according to the standard guidelines, was obtained 

from the University Clinic of Mainz (Germany). Due to the high variation of protein 

composition of different patients a pool of serum obtained by the mixture of serum of 

several healthy donors was used for all measurements.31  
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Preparation of samples 

All solutions for light scattering experiments were prepared in a dust free flow box. 

Cylindrical quartz cuvettes (20 mm diameter, Hellma, Müllheim) were cleaned by dust-

free distilled acetone. Serum solutions were filtered through Millex GS filters, 220 nm 

pore size (Millipore). After testing several filters concentration losses of serum proteins 

by filtration with Millex GS filters were neglible.31  

The liposomes were prepared in PBS buffer solution (GIBCO, Invitrogen) and filtered 

through an LCR450 nm filter in the light scattering cuvette. For the measurements of the 

liposomes in serum, serum and liposome solution dissolved in PBS buffer solution 

(GIBCO, Invitrogen) were given subsequently in the light scattering cuvette. Then, the 

cuvettes were incubated for 20 min on a shaker at room temperature prior to the 

measurement.  

Light Scattering Apparatus 

All light scattering experiments were carried out with an instrument consisting of a 

HeNe laser (632.8 nm, 25 mW output power), an ALV-CGS 8F SLS/DLS 5022F goniometer 

equipped with eight simultaneously working ALV 7004 correlators, and eight QEAPD 

Avalanche photodiode detectors. 

 

Results and Discussion 

 

Cholesterol as a natural membrane component has been widely used for the 

preparation of liposomes and as an anchor for polymeric lipids in lipid bilayers.42,43,44,45 

Recently, we were able to prove the strong interaction with linear-hyperbranched 

copolymer lipids and giant unilamellar vesicle (GUV) membranes, which shows the 

unique tendency of these polymer systems to incorporate into a phospholipid bilayer.46 

Cholesterol was used as the initiator for the oxyanionic polymerization of various 

epoxides leading to Ch-PEG44 and Ch-PEG30-hbPG23 (see Figure 2), because standard 

phospholipids could not be used due to their instability to extreme reaction conditions 

during the reaction.32,33,47-49 

This technique allows for the synthesis of well-defined amphiphilic polyether-lipids with 

molecular weights in the range of conventional PEG-lipids used in sterically stabilized 
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liposomes (2300 g mol-1 and 3400 g mol-1)50,51 and low polydispersities (Mw/Mn: 1.1 and 

1.16, respectively). The red PEG-part (left) represents the linear architecture of the Ch-

PEG44 amphiphile. The blue hydrophilic part (right) is the hyperbranched (hb) structure 

of the linear-hbPG lipid, which exhibits higher steric hindrance than its linear PEG 

analogue.  

 
Figure 2: Molecular structures of the cholesteryl-amphiphiles (Ch-PEG44 (left) and the 
Ch-PEG30-hbPG23 (right)). 
 

Liposomes were prepared via the thin film hydration method and extrusion technology 

(400 and 100 nm membranes) with different polymer/lipid ratios (Table 1). For 

comparison between the linear PEG polymer and the linear-hyperbranched copolymer, 

liposomes were separately prepared with Ch-PEG44 and Ch-PEG30-hbPG23 in different 

ratios (10-30 mol%), EPC, and cholesterol, and characterized by dynamic light scattering 

(DLS) in isotonic salt solution.  

The resulting autocorrelation functions (ACFs) are described by a sum of two 

exponentials (eq. 1) for the polymers (linear and hyperbranched) and the respective 

liposomal formulations. Here the amplitudes are defined as ai and the decay times as 

ti=1/(q2Di), while q is the absolute value of the scattering vector (q=4π sin(θ/2)/λo) and 

Di the Brownian diffusion coefficient of component i.  

(1)  𝑔1,𝑛𝑝(𝑡) = 𝑎1,𝑛𝑝 ∗ exp (−
𝑡

𝜏1,𝑛𝑝
) + 𝑎2,𝑛𝑝 ∗ exp (−

𝑡

𝜏2,𝑛𝑝
) 
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The angular dependency of the hyperbranched polymer is shown in Figure 3, yielding a 

z-averaged hydrodynamic radius of <1/Rh>z 
-1 = 6.7 nm in PBS buffer (GIBCO, Invitrogen). 

For comparison, the linear Ch-PEG44 displayed a hydrodynamic radius of <1/Rh>z 
-1 = 

7.8 nm under identical conditions (data not shown). The radii are significantly larger 

than expected for the respective individual polymer chains, thus implying the polymers 

formed small micelles. This interpretation is confirmed by the fact that measurements 

were conducted at a concentration of 1 mg mL-1, which is well above the critical micelle 

concentration (CMC) of Ch-hbPG systems (CMC = 1-9 mg L-1).33  

 
Figure 3: Angular dependency of the reciprocal hydrodynamic radius of the linear-
hyperbranched polymer Ch-PEG30-hbPG23 (c = 1 mg mL-1, PBS). 
 
Table 2: Summary of the z-averaged hydrodynamic radii of all investigated liposomes 
with varying amount of polymer (0-30 mol%). 
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The z-averaged hydrodynamic radii of all investigated liposomes with polymer contents 

between 0-30 mol% are summarized in Table 2. Conventional liposomes (L0) without a 

polymer shell showed a radius of <1/Rh>z 
-1 =115 nm. PEGylated liposomes with polymer 

contents between 10-30 mol% had radii between 144 nm (L10-PEG) and 92 nm (L30-
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PEG), indicating that increasing the polymer content resulted in a slight decrease in the 

size of the structures. Liposomes containing Ch-PEG30-hbPG23 exhibited radii between 

81 nm (L15-hbPG) and 102 nm (L30-hbPG), and a correlation between the radii and 

polymer content was not observed. However, the detected sizes of the liposomes are 

generally smaller than those with linear Ch-PEG44, which may be attributed to a stronger 

effect on the liposome curvature by the bulky hyperbranched segments.  

Cryo-TEM measurements of liposomes with the different polymers showed the 

existence of vesicular structures and the successful formation of primarily unilamellar 

assemblies. Figure 4 depicts the respective images for EPC/cholesterol liposomes with 

(15 mol% Ch-PEG44 (B) or Ch-PEG30-hbPG23 (C)) or without polymer (A). The non-

stabilized (conventional) liposomes formed both spherical and non-spherical vesicles, 

whereas sterically stabilized liposomes predominantly showed spherical vesicles with a 

narrower size distribution. Additionally, it was observed that the conventional liposomes 

tended to overlap, possibly aggregate, whereas those that were stabilized by polymers 

maintained spatial separation. Some vesicle preparations contained a small fraction of 

short rodlike structures, which could not be reproduced upon repeated preparation. 

Since for the goal of the present work, a small fraction of rods is not important, the 

formation of rodlike structures will be investigated in more detail in the near future. 

 
Figure 4: Cryo-TEM images of three different liposome samples. A) EPC and cholesterol 
(L0); B) EPC, cholesterol and 15 mol% of Ch-PEG44 (L15-PEG); C) EPC, cholesterol and 
15 mol% of Ch-PEG30-hbPG23 (L15-hbPG). Scale bar refers to 200 nm. 
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DLS of the Individual Polymer Chains and Functionalized Liposomes in Human Blood 

Serum 

 

It is imperative to characterize the aggregation behavior of any potential drug carrier in 

human blood serum, so polymers (linear and hyperbranched) and functionalized 

liposomes were analyzed by DLS. In this case, the electric field autocorrelation functions 

of the complex mixture of proteins and other components in human serum is given by 

the sum of three exponentials (eq. 2): 

(2)              g1,s(t) = a1,s ∗ exp (−
t

τ1,s
) + a2,s ∗ exp (−

t

τ2,s
) + a3,s ∗ exp (−

t

τ3,s
) 

Through the use of the correlation functions of the serum components and fit functions 

(eq.1) for the individual polymers and liposomes it was possible to analyze the 

aggregation characteristics for mixtures of these materials in serum. If minimal 

aggregation takes place then ideally the resulting ACF of the serum/liposome or polymer 

mixtures should be fitted by the sum of the individual correlation functions. Since the 

known parameters of the different components are fixed, the only fit parameters are 

the intensity contributions of serum (fs) and liposome or polymer (fnp) as seen in eq. 3. 

(3)                                                 g1,m(t) = fsg1,s(t) + fnpg1,np(t) 

However, if aggregation is observed due to interactions within the different mixtures eq. 

3 must be modified, which is typically accounted for with an additional, longer ACF 

relaxation time related to the size of these aggregates (eq. 4). Here fagg is the intensity 

contribution of the aggregates and their unknown relaxation times are given by τ1,agg, 

which leads to eq. 5.  

(4)                    g1,m(t) =  fsg1,s(t) + fnpg1,np(t) + faggg1,agg(t) 

(5)  g1,agg = a1,agg ∗ exp (−
t

τ1,agg
) 

The relative intensity contribution (I) of the components can be described as shown in 

eq. 6 exemplarily for the aggregates. Thus, by adapting these equations we can define 

the relative intensity contribution of the components in the presence of aggregates by 

eq. 6. 

(6)                       Iagg = fagg/(fagg+fS+fnp) 
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It should be noted that this method is especially sensitive for the detection of aggregates 

which are larger than the largest species in either the serum or pure liposome solution.  

It is only possible to detect additional sizes in the serum/polymer or liposome mixture if 

the intensity fractions (i. e. amplitudes) of the newly formed complexes surpass the 

detection limit for DLS. In detail, intensity fractions between 3% (for sizes outside the 

size range of the original components) and 20% (for sizes in the size range of the original 

components) of newly formed particles are necessary to be detected by the described 

fitting procedure.52 

First, the aggregation behavior of the individual polymers (linear and hyperbranched) in 

human blood serum was studied, since there may be free polymer in the liposome 

samples post formation or liposome degradation may take place in vivo. As shown in 

Figure 5a the mixture of Ch-PEG44 micelles and human serum does not meet the 

necessary requirements to simply use a combination of the ACFs of the single 

components, meaning that interactions between the polymer and serum components 

resulted in aggregation. DLS analysis showed the development of aggregates in the size 

range of Rh,Agg Ch-PEG44 = 151 nm.  

Figure 5: (A) ACF of Ch-PEG44 micelles in serum red line, fit with eq. 3 and the resulting 
residue, blue line, fit with eq. 4 and the resulting residue □ data points of the ACF. 
Scattering angle 60°; (B) ACF of the hyperbranched polymer micelles in serum red line, 
fit with eq. 3 and the resulting residue, blue line, fit with eq. 4 and the resulting residue 
□ data points of the ACF. Scattering angle 60°. 
 

Furthermore, the Ch-PEG30-hbPG23 micelle/serum mixture met the prerequisite 

conditions to be described by eq 4. In the Ch-PEG30-hbPG23 case there was a Rh,Agg,Ch-

PEG30-hbPG23 = 60 nm with an intensity contribution from aggregates of IAgg,PG = 17% 
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observed, compared to Rh,Agg Ch-PEG44 = 151 nm with IAgg,PEG = 37% for the linear PEG 

example. The complete correlation function of the Ch-PEG44 micelle serum mixture was 

clearly shifted to longer correlation times, indicating larger sizes, while the correlation 

function of the Ch-PEG30-hbPG23 micelle serum mixture showed no significant shift (see 

Figure 5b). These results indicate a much stronger aggregation of Ch-PEG44 in 

comparison to Ch-PEG30-hbPG23, which might be explained by the high density of 

hydrophilic groups at the hyperbranched polymer that prevent the interaction between 

the cholesterol anchor and hydrophobic components of serum. Similar studies were 

carried out to compare mixtures of human serum with liposomes containing Ch-PEG44 

(10-30 mol%; L10-PEG, L15-PEG, L20-PEG, L30-PEG) versus Ch-PEG30-hbPG23 (10-

30 mol%; L10-hbPG, L15-hbPG, L20-hbPG, L30-hbPG), and liposomes consisting of just 

EPC and cholesterol (L0) as a control. Since the investigation of the control sample did 

not result in consistent, reproducible aggregation values and cryo-TEM images depicted 

inhomogeneous vesicles, the data is not shown here. In any case, these conventional 

types of liposomes are known to reveal low colloidal stability and are usually not used in 

drug-delivery applications.  

Table 3 summarizes the radii for the free polymers and sterically stabilized liposomes 

with either Ch-PEG44 or Ch-PEG30-hbPG23 in human blood serum. There is aggregation for 

the PEGylated liposomes when they are introduced into human blood serum with an 

Rh,Agg = 330 nm (10 mol% lipid), but the size of the aggregates decreased (170 nm) as the 

amount of Ch-PEG44 (30 mol %) was increased. These values are much smaller than 

those for unmodified liposomes which formed macroscopic aggregates and 

demonstrated the stabilizing and shielding effects of the Ch-PEG44 on the assemblies. 

Yet, liposomes stabilized with Ch-PEG30-hbPG23 showed an even better result when 

mixed with human blood serum, where the liposomes had no significant increase in their 

size in DLS. Figure 6 (Ch-PEG44 liposomes) and Figure 7 (Ch-PEG30-hbPG23 liposomes) give 

an overview of the multicomponent analysis of the different investigated mixtures. It 

has to be noted that the aggregates detected are results of liposome protein bridging 

and cannot be explained by just a monolayer of proteins on the liposome surface. The 

total increase of the hydrodynamic radius with a thin protein corona would be too small 

to be detectable via DLS.  
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Table 3: Radii of liposomes containing different amounts of Ch-PEG44/ Ch-PEG30-hbPG23 
and radii of the pure polymers in buffer solution. Obtained radii of aggregates found in 
the mixture of the different formulations and human serum. Relative intensity 
contribution (IAgg) of the aggregates in the mixture at a scattering angle of 64°. 
 

Sample <1/Rh>z
-1 /nm 

in 0.152 M NaCl 

Rh/nm a 

Aggregates in human serum 

IAgg/%a 

 

Ch-PEG44 7.8 151 37 

L10-PEG 144 330 23 

L15-PEG 120 206 22 

L20-PEG 112 287 28 

L30-PEG 92 170 15 

Ch-PEG30-hbPG23 6.7 60 17 

L10-hbPG 97 - - 

L15-hbPG 81 - - 

L20-hbPG 96 - - 

L30-hbPG 102 - - 

a scattering angle 64°. 

 
Figure 6: Liposomes containing Ch-PEG44 in human serum: (A) L10-PEG, (B) L15-PEG, (C) 
L20-PEG, (D) L30-PEG in human serum, red line, fit with eq. 3 and the resulting residue. 
blue line fit with eq. 4 and resulting residue □ data points of the ACF. Scattering angle 
30°. 
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Figure 7: Liposomes containing Ch-PEG30-hbPG23 in human serum: (A) L10-hbPG, (B) L15-
hbPG, (C) L20-hbPG, (D) L30-hbPG in human serum, red line, fit with eq. 3 and the 
resulting residue. □ data points of the ACF. Scattering angle 30°. 

 

Conclusion 

 

For the first time, the interaction between sterically stabilized liposomes and human 

blood serum was investigated via dynamic light scattering (DLS). This technique is a very 

sensitive method for the detection of aggregrates and provides an efficient tool to 

monitor their formation, when polymer drug-delivery systems come into contact with 

complex biological media. In this work, we investigated the behavior of two different 

kinds of sterically stabilized liposomes, containing either cholesterol-PEG44 or linear-

hyperbranched cholesterol-PEG30-hbPG23 with contents between 10-30 mol%, EPC, and 

cholesterol. The systems were compared concerning their aggregation profile in blood 

serum. Liposomes containing Ch-PEG44 led to the formation of aggregates in the size 

range between 170 nm to 330 nm (Rh), depending on the polymer amount, while the Ch-

PEG30-hbPG23 modified liposomes were stable against aggregation despite the polymer 
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content. Here, the adsorption of plasma proteins is assumed to be less likely due to the 

dense packing and multiple hydroxyl groups. Our results show the potential steric 

stabilizing effect of the novel, hyperbranched polyether lipids. Thus, based on the ability 

of hyperbranched polyethers to minimize interactions between lipososomes and human 

blood serum, we have demonstrated their relevance and potential advantages as drug 

delivery systems. Amphiphilic hyperbranched structures constitute a promising 

alternative to PEGylated “stealth” liposomes while showing favorable behavior in blood 

serum and introducing multiple functional groups on the vesicles’ surfaces. 
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Abstract 

 

“Stealth” liposomes play an important role in drug-delivery applications, due to long-

circulation times and passive tumor accumulation. In this study, linear PEG and novel 

linear-hyperbranched polyglycerol (hbPG) cholesterol lipids were investigated in 

liposome formulations and systematically compared with regards to their 
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biodistribution. The polymers were functionalized with alkyne groups and rapidly 

labeled with [18F]F-TEG-N3 via click-chemistry. Organ uptake was followed by positron 

emission tomography (PET) for 1 h and ex vivo biodistribution for the polymers (polymer 

micelles) or the respective liposome formulations. For Ch-PEG27-triazole-TEG-18F 

20 mol% polymer was incorporated and these liposomes revealed a diameter of 92 nm. 

Ch-PEG30-hbPG24-triazole-TEG-18F was used in 5 mol% and 20 mol% in liposome 

formulations having diameters of 166 nm and 172 nm, respectively. For comparison, 

cholesterol was directly labeled with [18F]F- and conventional liposomes with a diameter 

of 408 nm have also been studied. The results revealed fast uptake of the conventional 

liposomes by the liver, spleen, and lung. Polymer micelles were excreted from the blood 

stream via the kidney due to their hydrophilic character and low molecular weights. 

Most importantly, the novel sterically stabilized liposomes showed similar behavior to 

the PEG shielded vesicles considering spleen and liver uptake and retention in blood 

with the advantage of multifunctionality and a better blood to liver and blood to lung 

ratio.  

 

Introduction 

 

Liposomes are spherical vesicles that consist of a phospholipid bilayer. Such systems 

have been intensively investigated as drug delivery vehicles with good results.1,2 

Conventional liposomes suffer from fast removal of the mononuclear phagocyte system 

(MPS) via macrophages and uptake in liver and spleen which minimizes the in vivo 

circulation time. Key factors influencing the opsonization process, i.e., binding of an 

opsonin for marking a pathogen for ingestion and phagocytosis, include liposome size, 

composition and charges.3 To overcome this drawback, poly(ethylene glycol) (PEG) is 

used as a stabilizing polymer coating.4,5 PEG is covalently linked to cholesterol or 

phospholipids to ensure hydrophobic anchoring in the lipid bilayer. This protective, 

hydrophilic polymer layer prevents opsonin adsorption via steric repulsion.6 Prolonged 

blood circulation times, reduced MPS uptake, reduced aggregation in serum, and better 

(storage) stability are the main advantages of the so-called “stealth” liposomes. 

Nevertheless, the “gold standard” PEG suffers from disadvantages such as its non-



4 Pre-In Vivo and In Vivo Studies 
 

210 

biodegradability, possible degradation under stress and potentially toxic side-products, 

as well as hypersensitivity in some cases.7 The main drawback of this polymer, however, 

is its lack of functional groups (especially when methoxyPEG is used). Promising 

alternatives are highly water-soluble polymers such as poly(vinyl pyrrolidone),8 

poly(acryl amide),8 poly(2-oxazoline),9 and hyperbranched polyglycerol (hbPG). In 

particular, it has been shown that hbPG reveals enhanced protein repulsion compared to 

PEG.10,11 Additionally, the branched structure renders the polymer even more bulky and 

more hydrophilic due to the multiple hydroxyl groups. Recently, our group presented a 

synthetic approach for linear-hyperbranched polyether lipids. Using cholesterol directly 

as the initiator for the oxyanionic ring-opening polymerization (ROP) of various 

epoxides, different architectures and a tunable number of hydroxyl groups are 

achievable. A combination of ethylene oxide (EO), ethoxyethyl glycidyl ether (EEGE), 

isopropylidene glyceryl glycidyl ether (IGG), and glycidol make a vast variety of linear and 

branched architectures available.12,13 Cholesterol-initiated linear-hyperbranched 

amphiphiles combine the advantageous properties of PEG and the polyfunctionality of 

polyglycerol with cholesterol as a natural membrane component.14,15 The hydroxyl 

groups play an important role when it comes to functionalization with markers, 

antibodies for “active” targeting, or radiolabels, as shown in this article.  

Liposomes labeled with radioisotopes (99mTc, 186Re, 67Ga, 111In, 64Cu, 18F)16-22 were 

previously investigated to study the biodistribution of various types of liposomes.23 In 

general, single photon emission computed tomography (SPECT) and positron emission 

tomography (PET) can be used for in vivo visualization with the known advantages of PET 

like the possibility of quantification and better spatial and temporal resolution. 

Incorporation of 18F into long-circulating liposomes was achieved by the encapsulation 

of 2-[18F]-2-fluoro-2-deoxy-D-glucose (2-[18F]FDG) during liposome formation.24,25 

Encapsulation efficiency was around 10%.26,27 Direct 18F labelling of 3-tosyl-1,2-

dipalmitoyl glycerol by Ferrara and coworkers led to [18F]fluorodipalmitin ([18F]FDP), 

which was incorporated into the phospholipid bilayer.28 The amphiphilic compound 1-

[18F]fluoro-3,6-dioxatetracosane was also used for in vivo trafficking of liposomes using 

PET as a noninvasive real-time imaging system.29 In a recent work, Reiner and coworkers 

addressed limitations in creating targeted liposomes and the challenges for imaging,30 

where [18F]FDP served as the radiolabeled lipid. The reaction between tetrazine in the 
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treated tumor tissue and trans-cyclooctene on the liposome surface was employed for 

bioorthogonal conjugation and in vivo click-chemistry. 18F-Radiolabeled liposomes 

showed a significantly increased uptake in tetrazine-rich tumors. The synthesis of a 18F-

labeled cholesteryl ether lipid was recently presented by Jensen et al. who 

demonstrated another method for the visualization of radiolabeled liposomes.31 

Although 18F is a rather short-lived radionuclide (t1/2 = 109.7 min) it combines ideal 

nuclear characteristics for PET imaging with not affecting the polymer structure, neither 

in size nor in charge.32 This tool supports the study of initial biodistribution directly after 

application and excretion patterns and serves as a screening platform for potential drug 

delivery systems. It allows the general investigation of different liposome formulations 

and polymer structures regarding blood concentration, tumor, or MPS uptake.  

In the present work, we focus on the investigation of multifunctional hyperbranched 

cholesterol-lipids in comparison with PEGylated liposomes and non-PEGylated 

(conventional) liposomes (Figure 1). The polyether-based lipids were functionalized with 

alkyne groups by the attachment of propargyl bromide to the hyperbranched 

polyglycerol block in a postpolymerization reaction.13 In the case of the linear PEG 

analogue, propargyl bromide was used as the end-capping agent in the oxyanionic ROP 

of EO (Scheme 1). The copper-catalyzed azide-alkyne click reaction (CuAAC) was 

employed for the attachment of the radiolabeled synthon 1-azido-2(2-(2-

[18F]fluoroethoxy)ethoxy)ethane ([18F]F-TEG-N3). Compared to other investigations on 

sterically stabilized liposomes using PET, the main advantage of the chosen strategy is 

the labeling of the polymer structure itself that actually shields the liposome. Integration 

of the shielding polymer into the liposome membrane can be proven by this method 

which is not possible by using another probe. PET and ex vivo biodistribution studies 

allowed the investigation of both polymers and liposome formulations in mice.  
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Figure 1: Schematic image of three different types of lipids incorporated in liposomes 
studied in this work: labeled cholesterol, linear poly(ethylene glycol) with a cholesterol 
anchor (Ch-PEG27-CH2-C≡CH) and linear-hyperbranched polyether-based lipids (Ch-
PEG30-hbPG24-CH2-C≡CH); all compounds were labeled with fluorine-18 for PET 
measurements. 
 

Results and Discussion 

 

Polymer synthesis and radioactive labeling with [18F]fluorine via CuAAC-reaction 

This work aims at a study of the in vivo behavior and biodistribution of liposomes, which 

are sterically stabilized by two fundamentally different polymer structures. 

Poly(ethylene glycol) (PEG) with a cholesterol anchor and linear-hyperbranched 

polyglycerol (PEG-hbPG) with a cholesterol anchor group have been investigated. Both 

polymers differ in the number of hydroxyl groups and the polymer architecture (linear 

vs. linear-hyperbranched, Figure 2). The polyether-based amphiphiles were synthesized 

according to the literature, using cholesterol as a hydrophobic initiator for the 

oxyanionic ring-opening polymerization of a combination of epoxides.12-14 The molecular 

weights were chosen to be between 1500-3500 g mol-1 which is usually applied in 

sterically stabilized liposomes.33 The renal threshold for PEG is known to be around 

Mw < 40 000 g mol-1, so fast excretion of the presented lipids from the body is 

assumed.34 Polymers with higher Mw exhibit larger hydrodynamic volume and 

consequently may accumulate in the liver and spleen.  

In order to attach the positron emitter fluorine-18 (t1/2 = 109.7 min) to the polyether 

backbone, the polymers were functionalized with propargyl bromide. 1-azido-2(2-(2-
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[18F]fluoroethoxy)ethoxy)ethane ([18F]F-TEG-N3, (8)) was used as the synthon for click-

chemistry which made both ex vivo organ distribution measurements as well as PET 

imaging of the polymers possible. For the hyperbranched polymer Ch-PEG30-hbPG24-CH2-

C≡CH the general synthesis and functionalization was already published by our 

group.13,35 The number of alkyne groups can be tailored by the amount of propargyl 

bromide used, albeit a statistical distribution at the polymer chain is inevitable. From 

1H NMR spectroscopy 1-2 alkyne groups per polymer chain were calculated. The linear 

analogue was prepared by the oxyanionic ring-opening polymerization of ethylene oxide 

(EO) using cholesterol as an initiator. Direct end-capping of the oxyanion with propargyl 

bromide led to the functionalized Ch-PEG27-CH2-C≡CH (1) polymer (Scheme 1). 

 

 

Scheme 1. Reaction scheme for the synthesis of Ch-PEG27-CH2-C≡CH (1) using cholesterol 
as an initiator for the ring-opening polymerization of ethylene oxide (EO).  
 

Both polymers were characterized by 1H NMR spectroscopy and size exclusion 

chromatography (SEC). Ch-PEG27-CH2-C≡CH (1) revealed a molecular weight of 

Mn,NMR = 1600 g mol-1 and a narrow molecular weight distribution of Mw/Mn = 1.13 

(Mn,SEC = 1500 g mol-1). The molecular weight of Ch-PEG30-hbPG24-CH2-C≡CH (2) was 

Mn,NMR = 3520 g mol-1 (calculated by 1H NMR spectroscopy) and SEC revealed a 

distribution of Mw/Mn = 1.14 (Mn,SEC = 1550 g mol-1). The molecular weight determined 

by SEC is underestimated due to the globular polymer structure and therefore smaller 

hydrodynamic radius compared to the SEC standard PEG. The 1H NMR spectrum for the 

linear polyether is given in Figure S1 (Supporting Information). Furthermore, MALDI-ToF 

mass spectrometry was employed to confirm the introduction of cholesterol and the 

alkyne group on every polymer chain, which is crucial for the functionalization with the 

radioactive compound in the subsequent click-reaction. The spectrum can be found in 

the Supporting Information (Figure S2).  
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The synthon [18F]F-TEG-N3 (8) was prepared in a slightly modified route, based on the 

approach recently presented by Rokka et al..36 The synthesis was carried out in a semi-

automated, custom-built modular system. Starting from a tosylate precursor the 

nucleophilic fluorination reaction was carried out with a good radiochemical yield (RCY) 

of 86%. The preparation is explained in the Experimental Section, and the reaction 

scheme is given in Scheme S1 (Supporting Information). The main advantages of using 

fluorine-18 as a PET nuclide are its outstanding physical and nuclear properties, 

combined with high spatial resolution. Due to its size and lack of charge, no influence on 

the polymer conformation and hydrodynamic properties is assumed. Furthermore, the 

rather small molecule [18F]F-TEG-N3, having a polyether backbone, is believed to be ideal 

for the attachment onto polyether-based lipids.  

The copper-catalyzed azide-alkyne cycloaddition reaction (CuAAC) between the alkyne-

functionalized polymers and the radioactive azide-compound was carried out in 

(ethanolic) aqueous solution with RCY of > 95% for the linear and for the linear-

hyperbranched lipid. The chemical structures and the overall strategy are presented in 

Figure 2. Cu(I) was prepared in situ through the reduction of copper(II)sulfate by sodium 

ascorbate. During optimization of the reactions, a strong variation of yields was 

observed, based on the ratio of catalyst to ascorbate and on the amount of copper itself. 

In addition, the solvent played an important role. Phosphate buffered saline was 

superior to water, whereas DMSO also gave very good yields. Because of the difficulties 

to remove DMSO (high boiling point) subsequent to the reaction in order to form a lipid 

film for the liposome preparation, the solvent system of choice was PBS and EtOH. Main 

advantages of the rapid attachment of fluorine-18 to the polymers compared to the 

commonly applied strategies are i.) fast click-reaction with high yields ii.) the novel 

shielding polymer itself is labeled instead of lipids such as [18F]FDP iii.) incorporation of 

the polyether-based lipid into liposomes can be directly monitored and iv.) the behavior 

of the polymer itself can be investigated in vivo to study the excretion pathway. 
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Figure 2: Reaction scheme for the radioactive labeling of Ch-PEG27-CH2-C≡CH (1) and Ch-
PEG30-hbPG24-CH2-C≡CH (2) lipids with [18F]F-TEG-N3 (8) using the copper-catalyzed 
azide-alkyne reaction (CuAAC), respectively.  
 

Radioactive labeling of cholesterol  

In addition to the radiolabeling of the polyether lipids with potential “stealth” behavior, 

labeling cholesterol with fluorine-18 was successfully carried out. Nozaki et al. and 

Fukushi et al. mentioned a labeled cholesterol compound in the 60s and 70s synthesized 

via AgF, but a detailed description was never given.37,38 In the present case, the synthesis 

by direct labeling of the mesylated form of cholesterol was achieved. Starting from 

commercially available cholesterol (see Scheme 2), methanesulfonyl chloride was 

reacted with the hydroxyl group of cholesterol in order to introduce the leaving group in 

the first step. In the second step, the nucleophilic substitution was carried out using 18F-

fluoride and the tetrabutylammonium hydroxide (TBAH) system. 3-[18F]fluoro-cholest-5-

ene (11) was obtained with RCYs around 25%. While performing radiolabeling, 

characterization and purification, challenges in solubility were observed. The labeling 

reaction can be carried out in DMSO as well, but the purification via semi-preparative 

HPLC (iPrOH:MeCN as liquid phase) was not possible due to a breakthrough of the 

fluoro-cholestene. Diluting the reaction with sufficient amounts of water was also not 

possible. To avoid these points, labeling was performed in MeCN. 
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Scheme 2: Reaction scheme for the synthesis of 3-[18F]fluoro-cholest-5-ene (11) 
(abbreviated 18F-cholesten) starting from cholesterol.  
 

Critical micelle concentration and liposome formation 

In order to investigate potential polymer micelle formation in the blood stream, the 

linear polyether as well as the linear-hyperbranched polyether were characterized by 

surface tension measurements. Due to the amphiphilic character of the polymers, their 

critical micelle concentrations (CMC) were determined to be 7.9 mg L-1 for the linear and 

11.0 mg L-1 for the branched structure. This is in line with expectation, since the latter 

polymer is more hydrophilic due to multiple hydroxyl groups and therefore should 

exhibit an increased CMC compared to the PEG polymer. For mice having a blood 

volume of about 1.6-2.4 mL, (20-30 g body weight)39 this means that for a solution of 

free polymer in buffer with 1 mg mL-1, micelle formation can be expected in vivo. The 

size of the micelles was studied with dynamic light scattering (DLS), and a hydrodynamic 

radius (Rh) of 6.9 nm for both polymers was found.  

Liposomes consisting of Ch-PEG27-triazole-TEG-18F, Ch-PEG30-hbPG24-triazole-TEG-18F, or 

18F-cholestene, DOPC, and cholesterol were prepared by the thin film hydration method 

and extrusion through polycarbonate membranes (400 nm and 100 nm). DLS was 

performed to evaluate the size of the liposomes, because size influences the in vivo 

behavior of particles.1 For liposomes that are stabilized by the linear polymer (20 mol%), 

Rh was determined to be 46 nm. For the linear-hyperbranched polymers stabilizing the 

liposomes, higher radii were found, i.e., <1/Rh>z
-1 = 86 nm (5 mol%) and <1/Rh>z

-1 = 

83 nm (20 mol% polymer). These values are almost twice as high as for the PEGylated 

liposomes, although all suspensions were extruded through the 100 nm membrane in 

the same manner. Conventional liposomes containing 18F-cholestene exhibited even 

larger sizes (<1/Rh>z
-1 = 204 nm) due to the lack of a stabilizing polymer. These results 

emphasize the importance of a stabilizing and shielding polymer anchored to the 

liposomes as drug-delivery vehicles.  
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Animal experiments 

PET imaging 

To investigate the dynamics of the initial biodistribution of the different compounds 

in vivo, µPET experiments were performed over 60 min. Figure 3 A, B, and C show 

coronal views of maximum intensity projections (MIPs) of early (0 – 3 min) and late (50 –

 60 min) time frames of the linear polymer (Ch-PEG27-triazole-TEG-18F), the linear-

hyperbranched polyether (Ch-PEG30-hbPG24-triazole-TEG-18F) and of 18F-cholestene, 

respectively. While the linear (A) and linear-hyperbranched (B) molecules, which are 

assumed to form micelles, are eliminated quickly via the renal excretion pathway, 18F-

cholestene (C) shows mainly uptake in the liver, as expected due to its hydrophobic 

character and the bile acid synthesis. Defluorination can be slightly seen in the late time 

frames by [18F]F- uptake of the bones. The renal clearance of the linear-hyperbranched 

structure from the blood clearly exhibits slower kinetics than the linear structure.  

 

Figure 3: MIPs (coronal view) of whole body distribution for early (0-3 min) and late (50-
60 min) time frames of Ch-PEG27-triazole-TEG-18F (A), Ch-PEG30-hbPG24-triazole-TEG-18F 
(B), and 18F-cholestene (C). ki: kidney, bl: bladder, he: heart, li: liver. 
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In comparison to these observations regarding the non-organized lipid molecules, 

Figure 4 depicts the liposomal formulations, abbreviated as AL, BL and CL, of the above 

mentioned compounds during the same time frames. Molar ratios of the liposomes 

containing Ch-PEG27-triazole-TEG-18F and Ch-PEG30-hbPG24-triazole-TEG-18F (AL and BL) 

were DOPC:cholesterol:polymer (60:20:20). For 18F-cholestene (CL) it was 

DOPC:cholesterol (60:40) plus the labeled cholesterol to keep the molar percentage of 

cholesterol and lipid constant. It is obvious, that the liposome biodistribution exhibits a 

different pattern compared to the polymer micelles. The renal clearance of the linear 

(AL) and linear-hyperbranched (BL) sterically stabilized liposomes is considerably lower 

than for the polymer micelles. Instead, uptake in the liver and intestines can be 

observed. However, the biodistribution of the liposomal 18F-cholestene (CL) does not 

differ much from the single molecule. In the late time frame (CL 50-60), an increased 

uptake in the spleen can be observed, compared to the late time frame in Figure 4 (C 50-

60). 

 

Figure 4: MIPs (coronal view) of whole body distribution for early (0-3 min) and late (50-
60 min) time frames of Ch-PEG27-triazole-TEG-18F Lipo 20mol% (AL), Ch-PEG30-hbPG24-
triazole-TEG-18F Lipo 20mol% (BL) and 18F-cholestene Lipo (CL). he: heart, ve: vein, li: 
liver, in: intestine, sp: spleen. 
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Ex vivo biodistribution 

To obtain a quantitative statement about the trafficking of the radiolabeled compounds 

an ex vivo biodistribution study was performed. Table 1 summarizes these results for the 

the radiolabeled compounds Ch-PEG27-triazole-TEG-18F (9), Ch-PEG30-hbPG24-triazole-

TEG-18F (10), and 18F-cholestene (11) as well as the liposomal formulation of 

abovementioned cholesterol derivatives in male C57bl6J mice (24.8±1.9 g) 1 h post 

injection. The graphical summary of this data is shown in Figure 5. 

 

Table 1: Ex vivo biodistribution data (n=3) of male C57bl6J mice 1 h p.i. (asterisk 
indicates n=2). Liposomal formulations are abbreviated with Lipo, (x mol%) is the molar 
percentage of the polymer added to the DOPC-cholesterol-mixture (60:40-x:x) before 
sonification and extrusion. Error values are given as standard error of the mean. For 
saving space the abbreviation “triazole-TEG” is not listed in the sample names. The 
values for all organs are summarized in the Supporting Information Table S1. 

 
%ID / g 

tissue 

(n=3) 

lung blood liver spleen l kidney r kidney heart urine 
intestine 

(empty) 

Ch-PEG27-
18F 

0.49±0.04 0.77±0.07 1.91±0.63 0.71±0.26 2.28±0.83 1.98±0.45 0.35±0.03 1070±141* 1.98±1.57 

Ch-PEG27-
18F  

Lipo 

(20mol%) 

7.24±1.43 5.30±1.24 12.48±2.81 7.91±1.03 4.04±0.65 4.23±0.65 3.60±0.52 28.46±1.49* 1.10±0.35 

Ch-PEG30-

hbPG24-18F 
5.67±0.36 4.25±0.43 5.05±0.28 4.05±0.16 10.48±5.91 9.54±5.54 2.66±0.09 306±98 1.74±0.37 

Ch-PEG30-

hbPG24-18F 

Lipo 

(5mol%)* 

7.47±1.60 7.71±1.92 10.40±0.50 19.39±2.89 6.20±1.31 5.73±1.09 3.57±0.73 221±48 1.62±0.21 

Ch-PEG30-

hbPG24-18F 

Lipo 

(20mol%) 

15.50±0.80 15.56±2.05 16.92±1.69 25.60±5.38 8.48±0.54 8.71±0.56 6.91±1.05 26.46±12.40 5.94±0.87 

18F-

cholestene* 
27.62±7.59 5.21±0.45 40.37±3.99 29.60±4.39 5.81±1.02 6.04±0.82 3.72±0.39 1.82±0.96 1.44±0.54 

18F-

cholestene 

Lipo 

1.43±0.08 1.18±0.08 36.24±4.61 24.03±3.93* 0.47±0.00 0.50±0.01 1.30±0.66 5.12±2.04 0.29±0.04 
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Figure 5: Graphical summary of ex vivo biodistribution data of Table 1. Data of urine is 

not shown to obtain a clear survey, but the values are given in Table 1. 

 

Similar to the PET images, the linear and linear-hyperbranched polymer itself (micelles) 

showed fast renal clearance, which was confirmed by high amounts of radioactivity in 

the urine (> 300 %ID / g). Fast renal clearance of the polymers and no accumulation in 

organs is desired, as this represents the preferential elimination pathway subsequent to 

degradation of the liposomes. The linear-hyperbranched structure showed slightly 

increased retention in blood, lung, liver, spleen, and the kidneys, which can be 

attributed to differences in micelle surface properties of the branched polymer 

compared to linear PEG. Nevertheless, values for the kidneys were around 10 %ID / g 

which indicates fast renal clearance. 18F-cholestene is mainly retained in liver, spleen, 

and lung (%ID / g > 27, Figure 5) and, as expected, shows almost no renal excretion, due 

to its hydrophobic character.  
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Figure 6: Graphical comparison of ex vivo biodistribution (1 h p.i.) between Ch-PEG27-
triazole-TEG-18F (9) and Ch-PEG30-hbPG24-triazole-TEG-18F (10) as polymer micelles and 
liposomal formulation. Data of urine is not shown. 
 

The biodistribution patterns of the sterically stabilized liposomes with Ch-PEG30-hbPG24-

triazole-TEG-18F (5 and 20 mol%) or Ch-PEG27-triazole-TEG-18F Lipo (20 mol%) differ from 

the polymer micelles (Figure 6). For liposomes stabilized with PEG-lipids values of 

28.461.49 %ID / g were found in the urine, which is much less than for PEG-lipid 

micelles with 1070141 %ID / g. First, the different pattern hints indirectly at successful 

incorporation of the polymer into the liposomes and therefore advantageous 

biodistribution, which translates to longer retention times in the body. PEG-liposomes 

showed increased values in lung, liver, and spleen, but most importantly also in blood 

(5.301.24 %ID / g) and heart (3.600.52 %ID / g). For liposomes stabilized with the 

linear-hyperbranched-lipids values of 22148 %ID / g (5 mol% polymer) and 

26.4612.40 %ID / g (20 mol% polymer) were found in the urine (Table 1). The first 

result points to insufficient incorporation of the bulky lipid into the liposomes for this 

concentration. Therefore, the amount of polymer was raised to 20 mol% (see also 

discussion below), maintaining the liposome size, since this was favorable for the organ 

distribution. Renal clearance was suppressed dramatically and retention in liver, lung, 

and spleen was observed. Simultaneously, retention in the blood stream 
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(15.562.50 %ID / g) and heart (6.911.05 %ID / g) after 1 h was measured, which is 

beneficial for prolonged blood circulation times. Compared to the linear-hyperbranched 

polyether micelles renal clearance is strongly suppressed, and retention in the organs is 

enhanced (compare Table 1).  

As expected, non-stabilized liposomes accumulate strongly in the liver and the spleen 

(> 24  %ID / g, Table 1, Figure 5), which is attributed to fast removal from the blood 

stream by macrophages (MPS uptake) due to liposome size and possible aggregation 

with proteins. A comparison of the three types of liposomes is shown in Figure 7. 

 

Figure 7: Graphical comparison of ex vivo biodistribution (1 h p.i.) between the liposomal 
formulations of Ch-PEG27-triazole-TEG-18F (20 mol%), Ch-PEG30-hbPG24-triazole-TEG-18F 
(20 mol%) and non-stabilized liposomes labeled with 18F-cholestene. Data of urine is not 
shown. 
 

Approximate determination of polymer incorporation 

The reason for increasing the amount of polymer lipid added to the lipid-cholesterol-

mixture before sonification and extrusion was the rather rapid elimination in case of the 

5 mol% linear-hyperbranched liposome formulation. To estimate the degree of 

integration of the shielding polymer lipid, the elution profile of the SEC after extrusion 

was recorded. The activity of each fraction was measured and decay-corrected. 

Furthermore, the remaining activity of the SEC column was determined. By dividing the 
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accumulated liposomal fractions by the total activity, a degree of integration was 

estimated. Because the linear-hyperbranched polymer was incorporated into the lipid 

bilayer only between 20-30 % according to our calculations, we scaled up the amount of 

polymer from 5 mol% to 20 mol%. The linear polymer and 18F-cholestene were 

incorporated in higher quantities that are ~60 % and ~85 %, respectively, probably due 

to their less sterically demanding architecture. These findings once more emphasize the 

advantage of labeling the shielding polymer instead of incorporating a radioactive probe 

into the liposome membrane.  

 

Comparison between linear and linear-hyperbranched stabilized liposomes 

Comparing the 20 mol% liposomes of the linear with the linear-hyperbranched polymer 

lipids, the hyperbranched polyglycerol shielding exhibits higher uptake in lung, blood, 

liver, and spleen. However, Figure 8 depicts the ratios of blood to organ for these two 

formulations. It is clearly pointed out, that the liposomes with linear-hyperbranched 

shielding are superior considering blood to liver and blood to lung ratios. Furthermore, 

they show comparable ratios in blood to spleen to the linear shielded liposomes. The 

findings confirm that both polyether architectures are advantageous in drug delivery 

applications, with the hyperbranched structure introducing additional multifunctionality 

at the liposome surface.  

Besides the type of shielding, the size of the liposomes has to be taken into 

consideration. It is believed that liposomes smaller than 100 nm are opsonized less 

quickly and to a lower extent compared to liposomes larger than 100 nm. Hence, the 

liposome uptake by the MPS increases with the size of the vesicles.1 Unfortunately, even 

though they were all extruded through the same pore size, the size of the investigated 

liposomes differed. Showing a hydrodynamic radius of 46 nm, the linear shielded 

liposomes were the smallest structures, followed by the linear-hyperbranched 

liposomes shielded with <1/Rh>z
-1 = 83 nm and 204 nm for the conventional liposomes. 

Comparing these sizes, the linear-hyperbranched shielded liposomes may even show 

more advantageous behavior in vivo, if the liposome sizes can be reduced below 100 nm 

in diameter.  
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Figure 8: Blood to organ ratios of liposomal formulations (20 mol%) of Ch-PEG27-triazole-

TEG-18F (grey) and Ch-PEG30-hbPG24-triazole-TEG-18F (cyan). 

 

Conclusion 

 

The study presents a novel method for labeling and in vivo tracking conventional and 

sterically stabilized liposomes by 18F-labeled cholesterol or polyether-based lipids. The 

labeled liposomes were injected into C57bl6J mice and tracked by non-invasive PET for 

1 h. The positron emitting isotope fluorine-18 enabled imaging with high spatial 

resolution. Furthermore, ex vivo biodistribution studies were carried out. The time 

frame used in this study is, of course, too short to prove an EPR-effect. Nevertheless, the 

technique is suitable to investigate initial body distribution of various liposomes. Special 

emphasis was placed on two different stabilizing polyether-based lipids with linear and 

linear-hyperbranched architectures, respectively. Radiolabeling of the polymers via 

copper-catalyzed click reaction instead of labeling the phospholipids, allowed not only 

the investigation of the fate of the liposomes, but also permitted to monitor the polymer 

micelles’ fate in vivo and thus enabled an assessment of the impact of the liposome 

superstructure. In addition to these observations, a generally usable probe, 18F-

cholestene, for liposome labeling was provided. The architecture and therefore the 

number of functionalities, the polymer amount, and the liposome size play an important 

role in the biodistribution pattern. As it is known, conventional liposomes showed major 
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MPS uptake, which strongly confirms the need of a stabilizing polymer for these drug 

delivery systems. The “gold standard” PEG with a cholesterol anchor group exhibited 

satisfying results with moderate retention in lung, blood, liver, and spleen. Blood 

retention was the highest for linear-hyperbranched lipids incorporated into liposomes 

with 20 mol% via cholesterol. These first results demonstrate the advantageous 

properties of the novel polyether-based lipids which combine multifunctionality and 

steric stabilization of vesicles, hinting at “stealth” properties. By use of PET 

measurements, fast non-invasive screening and comparison of the body distribution of 

different polymer architectures is possible.  
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Experimental Section 

 

Instrumentation 

1H NMR spectra (300 MHz and 400 MHz) were recorded using a Bruker AC300 or a 

Bruker AMX400, employing MeOD or CDCl3 as solvent. 19F NMR analysis was carried out 

with a Bruker DRX-400 at 400 MHz. All spectra are referenced internally to residual 

proton signals of the deuterated solvent. Size exclusion chromatography (SEC) 

measurements were carried out in dimethylformamide (DMF) with 0.25 g L-1 LiBr on PSS 

HEMA columns (300/100/40). For SEC measurements a UV (275 nm) and an RI detector 

were used. Calibration was carried out using poly(ethylene glycol) (PEG) standards 

provided by Polymer Standards Service (PSS). Surface tension measurements, to 

determine the critical micelle concentration (CMC) of the polyether lipids, were 

performed on a Dataphysics DCAT 11 EC tensiometer equipped with a TV 70 
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temperature control unit, a LDU 1/1 liquid dosing and refill unit, as well as a RG 11 Du 

Noüy ring. The Du Noüy ring was rinsed thoroughly with Millipore water and annealed in 

a butane flame prior to use. Surface tension data was processed with SCAT v3.3.2.93 

software. The CMC presented is a mean value of two experiments. All solutions for 

surface tension measurements were stirred for 120 s at a stir rate of 50%. After a 

relaxation period of 360 s, three surface tension values were measured. 

During radio-synthesis a Merck LaChrom HPLC system was used with Interface D-7000, 

Programmable Autosampler L-7250, Pump L7100 (2x), UV-Detector L-7400, Column 

Oven L-3000 with manual injection rheodyne and a Gabi Star (Raytest) for detecting 

activity. Radio-TLCs were analyzed by Packard Instant Imager. In ex vivo studies, fluorine-

18 activities were measured using a Perkin-Elmer 2470 Wizard2 γ-counter. 

Solutions for light scattering experiments were prepared in a dust free flow box. 

Cylindrical quartz cuvettes (20 mm diameter, Hellma, Mühlheim) were cleaned by dust-

free distilled acetone. All samples (Liposomes in PBS) were filtered through LCR450 nm 

filters (Millipore) into the cuvettes. All light scattering experiments were performed with 

an instrument consisting of a HeNe laser (632.8 nm, 25 mW output power), an ALV-CGS 

8F SLS/DLS 5022F goniometer equipped with eight simultaneously working ALV 7004 

correlators, and eight QEAPD Avalanche photodiode detectors. All correlation functions 

were typically measured from 30 to 150° in steps of 15°, 20° or 30° (DLS).  

 

Liposome Formation 

Liposomes consisting of the polymer lipid (Ch-PEG27-triazole-TEG-18F (9), Ch-PEG30-

hbPG24-triazole-TEG-18F (10), or 18F-Cholesten (11)), cholesterol and 1,2-dioleoyl-sn-

glycero-3-phosphatidylcholine (DOPC) were prepared by the thin film hydration method 

on a clean bench. A solution of DOPC in ethanol, cholesterol in ethanol and the 

radiolabeled copolymer/cholesten in ethanol were blended at molar ratios of 

60:35:5mol% or 60:20:20mol%, respectively. The objective was to keep the molar ratios 

of lipid to cholesterol constant. Because of the cholesteryl anchored polymers, the total 

ratio of lipid to cholesterol was kept at 60:40 regardless of the amount of polymer 

added. The solvent was evaporated in a miniature rotating evaporator to obtain a thin 

film of liposome components. The lipid film was hydrated with 1 mL of PBS buffer 

solution to obtain the final lipid concentrations summarized in Table 2, sonicated for 
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10 min at 50 °C to yield multilamellar vesicles (MLVs), and extruded through a 400 nm 

polycarbonate membrane 11 times, followed by the extrusion through a 100 nm 

membrane for 11 times to obtain small unilamellar vesicles (SUVs) using a Mini-Extruder 

(Avanti Polar Lipids Inc.). Finally, the solution was purified via size exclusion 

chromatography (~0.5 g Sephadex G 75 packed in a 6 mL empty SPE tube with 20 µm 

PTFE frits at top and bottom) to separate the liposomes from not incorporated smaller 

molecules. 

 

Table 2: Composition of different liposome formulations. 

 molar ratios 

(DOPC:cholesterol:polymer) 

DOPC / mg polymer / 

mg 

cholesterol / 

mg 

Ch-PEG27-18F 60:20:20 13.13 

(16.7µmol) 

8.8 

(5.5µmol) 

2.15 

(5.5µmol) 

Ch-PEG30-

hbPG24-18F 

60:35:5 2.62 

(3.3µmol) 

1.0 

(0.28µmol) 

0.75 

(1.9µmol) 

60:20:20 2.62 

(3.3µmol) 

4.0 

(1.12µmol) 

0.43 

(1.12µmol) 

18F-

Cholesten 

60:40:0 10.51 

(13.4µmol) 

- 3.45 

(8.9µmol) 

 

Animal studies 

For ex vivo biodistribution and PET studies male C57bl6J mice (Charles River Wiga, 

Sulzfeld, Germany) (body weight 20.8 g to 28.6 g) housed in the animal care facility of 

the Johannes Gutenberg-University of Mainz were used. All experiments had previously 

been approved by the regional animal ethics committee and were conducted in 

accordance with the German Law for Animal Protection and the UKCCCR Guidelines.40  

Ex vivo biodistribution studies 

For ex vivo biodistribution studies, animals were injected with 18F-labeled compounds in 

phosphate buffered saline solution (2.45-8.64 MBq) intravenously (i.v.) in a tail vein. 

After 60 min post injection (p.i.), the animals were sacrificed and different organs (lung, 

blood, liver, spleen, kidneys, skeletal muscle, heart, urine, small intestine, testes) were 
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excised. The samples were weighed and measured in a Perkin Elmer 2470 Wizard2 γ-

counter to calculate the percentage of injected dose per gram tissue (%ID/g).  

In vivo micro PET studies 

For in vivo µPET studies the mice were anaesthetized with isoflurane (2.5%) and the 

fluorinated compounds were injected into a tail vein. The µPET imaging was recorded on 

a Focus 120 small animal PET (Siemens/Concorde, Knoxville, USA). During PET 

measurements the mice were placed in a head first prone position. Dynamic PET studies 

were acquired in list mode. The injected activity of radiolabeled compounds was 

4.74 ± 1.24 MBq (in 100 - 150 µL of phosphate buffered saline). The PET list mode data 

were histogrammed into 19 frames (3 x 20 s, 3 x 60 s, 3 x 120 s, 10 x 300 s) and 

reconstructed using FBP algorithm with dead time correction. Scatter correction was not 

applied. 

 

Reagents  

All reagents and solvents were purchased from Acros or Sigma-Aldrich and used as 

received, unless otherwise mentioned. Anhydrous solvents were stored over molecular 

sieves and were purchased from Sigma-Aldrich. Deuterated solvents were purchased 

from Deutero GmbH, and stored over molecular sieves. Cholesterol was purchased from 

Acros and stored at 8 °C. Ethoxyethyl glycidyl ether (EEGE) was synthesized as described 

in the literature,41 dried over CaH2 and cryo-transferred prior to use. Glycidol was 

purified by distillation from CaH2 directly prior to use. Ethanol (abs.) was purchased from 

Merck. Phosphate buffered saline packs were purchased from Thermo Scientific. 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC), the mini-extruder, the polycarbonate 

membranes, and filters were obtained from Avanti Polar Lipids. 

18F was delivered in 18O-enriched water by the department of radiology, University 

Hospital Tübingen, Germany. 

 

Polymer synthesis 

Ch-PEG27-CH2-C≡CH (1): Cholesterol (0.4 mg, 1.0 mmol), cesium hydroxide monohydrate 

(148 mg, 0.88 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 

85%). The salt was dried under vacuum at 90 °C for 24 h, anhydrous THF was added via 
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cryo-transfer, and ethylene oxide (2.2 mL, 44 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 cooled, quenched with propargyl bromide (0.2 mL, 1.85 mmol) and stirred for 

additional 12 h. The solvent was evaporated and the crude product was precipitated into 

cold diethyl ether. Yield: ~70% 

1H NMR (400 MHz, CDCl3): δ (ppm) = 5.32 (s, 1H), 4.20 (d, 2H), 3.80-3.40 (polyether 

backbone), 3.15 (s, 1H), 2.43 (t, 1H), 2.27-0.82 (CH2, CH cholesterol), 0.66 (s, 3H). 

 

Ch-PEG30-hbPG24-CH2-C≡CH (2): Compound (2) was prepared and functionalized with 

propargyl bromide according to the literature.12,13 

 

Further Syntheses 

Respective reaction schemes are given in the Supporting Information. 

Methanesulfonic acid 3-cholesteryl ester (3) (Scheme 2 and S1) was prepared 

according to Sun et al..42 To a solution of 1 g (2.6 mmol) cholesterol in 15 mL of 

anhydrous dichloromethane cooled to 0 °C, 0.55 mL (3.88 mmol) abs. triethylamine was 

added under stirring. 213 µL (2.72 mmol) methanesulfonyl chloride in 1 mL DCM was 

added slowly and 30 min after addition the solution was allowed to warm up to room 

temperature and stirred for another 16 h. After removing the solvent under reduced 

pressure, the resulting material was dissolved in 3 mL DCM, precipitated by the addition 

of 15 mL MeOH and (3) was collected by vacuum filtration. Subsequently, the solvent of 

the filtrate was removed under reduced pressure and the residual crude product was 

taken up by MeOH to obtain a second crop of (3) by filtration as a white solid (combined 

yield: 0.871 g, 72%). 

1H NMR (300 MHz, CDCl3)  5.43 (m, 1H), 4.50 (m, 1H), 3.01 (s, 3H), 2.50 (m, 2H), 2.08-

0.82 (m, 38H), 0.67 (s, 3H). 

FD-MS: 464.4. 

3-fluoro-cholest-5-ene (4) (Scheme S2) was prepared by slowly adding 264 µL (2 mmol) 

DAST (diethylaminosulfur trifluoride) in 5 mL anhydrous DCM to a stirred solution of 

500 mg (1.29 mmol) cholesterol in 10 mL anhydrous DCM cooled to 5 °C under helium 
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atmosphere. After 40 min the ice bath was removed and the reaction was allowed to stir 

for another 60 min before it was quenched with 10 mL H2O. After extracting the organic 

phase twice with water, DCM was dried over Na2SO4 and the solvent was removed 

under reduced pressure. To obtain (4) as a white solid (249 mg, 50%), the crude product 

was purified by column chromatography with hexane as mobile phase. 

1H NMR (400 MHz, CDCl3)  5.40 (m, 1H), 4.50-4.26 (dm, 1H), 2.44 (t, 2H), 2.06-0.80 (m, 

38H), 0.68 (s, 3H). 

19F NMR (400 MHz, CDCl3)  -168.91 (s). 

FD-MS: 388.4. 

2-(2-(2-Hydroxyethoxy)ethoxy)ethyl-4-p-toluenesulfonate (5) (Scheme S3) was 

prepared by adding 3.53 g (34.9 mmol, 2.1 eq) triethylamine to a solution of 5 g 

(33.3 mmol, 2 eq) triethylene glycol (TEG) in 30 mL of anhydrous THF under inert gas. 

While cooling to 0 °C, 3.16 g (16.65 mmol, 1 eq) p-toluenesulfonyl chloride dissolved in 

10 mL THF was added slowly under stirring. After 16 h at ambient temperature, the 

suspension was vacuum filtrated and the solvent was removed under reduced pressure 

after drying over anhydrous Na2SO4. Purification via column chromatography (mobile 

phase EA:MeOH (4:1)) gave 3.51 g (11.53 mmol, 69% yield) (5). 

1H NMR (300 MHz, CDCl3)  7.79 (m, 2H), 7.35 (m, 2H), 4.16 (m, 2H), 3.72-3.58 (m, 10H), 

2.68 (s, 1H), 2.44 (s, 3H). 

FD-MS: 609.5 [2M+1], 913.3 [3M+1]. 

2-(2-(2-Azidoethoxy)ethoxy)ethanol (6) (Scheme S3) was prepared by adding 1.87 g 

(28.83 mmol, 2.5 eq) sodium azide in small portions to a solution of 3.51 g (11.53 mmol, 

1 eq) of the tosylate (5) in 30 mL anhydrous DMF. The solution was heated to 160 °C for 

16 h. After cooling to RT and removing the solvent under reduced pressure, purification 

was carried out via column chromatography with ethylacetate:methanol (4:1) as mobile 

phase which gave 1.38 g (7.88 mmol, 68% yield) of (6). 

1H NMR (300 MHz, CDCl3)  3.72–3.58 (m, 10H), 3.36 (t, 2H), 2.68 (s, 1H). 

FT-IR (cm-1; liquid film): 3417 (-OH); 2871; 2108 (-N3). 

FD-MS: 198.5 [M+Na]+ 

2-(2-(2-Azidoethoxy)ethoxy)ethyl-4-p-toluenesulfonate (7) (Scheme S3) was prepared 

by adding 2.38 g (23.5 mmol) triethylamine to a solution of 2.06 g (11.7 mmol) (6) in 

10 mL DCM. After cooling the solution to 0 °C, tosyl chloride was added and the reaction 
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solution was stirred for 16 h. After adding 15 mL DCM, the organic phase was extracted 

with 15 mL HCl (3% in H2O) and brine. After drying the organic phase over anhydrous 

Na2SO4, the solvent was removed under reduced pressure and after purification via 

column chromatography with ethylacetate:n-hexane (1:2.5) as mobile phase 2.89 g 

(8.78 mmol, 75% yield) (7) was obtained. 

1H NMR (300 MHz, CDCl3)  7.79 (m, 2H), 7.35 (m, 2H), 4.16 (m, 2H), 3.70 (m, 2H), 3.64 

(m, 2H), 3.60 (s, 4H), 3.36 (t, 2H), 2.44 (s, 3H). 

FT-IR (cm-1; liquid film): 2871, 2109 (-N3). 

ESI-MS: 352.1 [M+Na]; 368.1 [M+K]. 

 

Radiosynthesis 

Respective reaction schemes are given in the Supporting Information as mentioned 

below. 

1-azido-2(2-(2-[18F]fluoroethoxy)ethoxy)ethane ([18F]F-TEG-N3) (8) (Scheme S4) was 

prepared on a semi-automatic custom built modular system with RCY ~ 86% (TLC, 

EA:nHex (1:1), Rf : 0.8). In a first step, the [18F]fluoride was trapped on a Waters QMA 

light Sep-Pak cartridge (preconditioned with 10 mL K2CO3 (1 M), 10 mL MilliQ H2O and 

20 mL air). To elute the activity into the reaction vessel 15 µmol K2CO3 and 40 µmol 

Kryptofix 222 in 1 mL acetonitrile (MeCN) were used. To remove residual water, the 

solvent was dried azeotropically by stepwise reducing the pressure and helium flow 

while the vessel was heated at 80 °C. After cooling to 40 °C and ventilation, 9.6 mg 

(29 µmol in 1 mL MeCN) of the tosylate precursor (7) were added to the reaction vessel 

and the nucleophilic fluorination reaction was performed at 90 °C for 10 min. After 

cooling again to 40 °C the reaction solution was quenched with 1 mL MeCN:H2O (50:50), 

and the resulting 2 mL solution was automatically transferred to the sample loop of a 

semipreparative HPLC (Luna 10u Prep C18(2) 100A 250x10.00mm; 4 mL/min; MeCN:H2O 

(50:50)). The separated fraction of (8) (Rf : 6 min) was collected in 35 mL of MilliQ H2O 

and finally passed through a Merck Lichrolut EN cartridge (preconditioned with 10 mL 

MeCN, 10 mL MilliQ H2O and 20 mL air) followed by drying in a stream of helium. To 

obtain (8), the cartridge was eluted with 1.5 mL of diethyl ether into a reacti-vial with 

septum and stirring bar. Subsequent removal of the solvent under reduced pressure and 



4 Pre-In Vivo and In Vivo Studies 
 

232 

a stream of helium (850 mbar, 40 °C, He: 10 mL/min) within 8 min gave a synthon coated 

vial. 

Ch-PEG27- triazole-TEG-18F (9) by CuAAC was carried out in a reacti-vial with stirring bar. 

A solution of 8.8 mg (5.5 µmol) (1) in 880 µL PBS was added directly to the synthon 

coated vial. After adding 320 µL PBS, 12.5 µL DMSO and 15 µL (15 µmol) CuSO4 the 

reaction was started by adding 22.5 µL of sodium ascorbate (49.4 mg in 100 µL PBS) and 

heating the reaction vial at 70 °C for 15 min under stirring. Radiochemical yields (> 95%) 

of the triazole product were determined by TLC with EA:nHex (1:1) as mobile phase 

(Rf : 0, Synthon Rf : 0.8). After cooling down, the reaction solution was passed through 

600 mg Chelex 100 in a 3 mL SPE tube (preconditioned with 0.8 mL HCl (1 M), 5 mL H2O, 

0.8 mL NaOH (1 M), 5 mL H2O and 10 mL air) followed by 7 mL abs. EtOH to retain the 

copper from the reaction solvent. To confirm the absence of copper, an aliquot was 

taken and a few drops of sodium sulfide solution were added. The copper-free, but 

aqueous, ethanol containing solution was passed through a 6 mL SPE tube filled to 2/3 

with anhydrous sodium sulfate (20 µm PTFE frits at top and bottom) and a 0.45 µm PTFE 

filter to remove the water. After flushing the self-assembled cartridge with 1 mL abs. 

EtOH and 10 mL air, the solvent was removed in a mini rotary evaporator to obtain the 

radiolabeled Ch-PEG27-CH2-triazole-TEG-18F (9). 

Ch-PEG30-hbPG24-triazole-TEG-18F (10) by CuAAC was carried out in a reacti-vial with a 

stirring bar. A solution of 1 mg (0.28 µmol) (2) in 100 µL PBS was added to the vial. After 

adding 500 µL PBS, 20 µL (20 µmol) CuSO4 and [18F]F-TEG-N3 (8) taken up in 400 µL EtOH 

the reaction was started by adding 40 µL of sodium ascorbate (49.4 mg in 100 µL PBS) 

and heating the reaction vial to 70 °C for 15 min under stirring. Radiochemical yields 

(> 95%) of the triazole product were determined by TLC with EA:nHex (1:1) as mobile 

phase (Rf : 0, Synthon Rf : 0.8, (see Supporting Information). After cooling down, the 

reaction solution was passed through 600 mg Chelex 100 in a 3 mL SPE tube 

(preconditioned with 0.8 mL HCl (1 M), 5 mL H2O, 0.8 mL NaOH (1 M), 5 mL H2O and 

10 mL air) followed by 7 mL abs. EtOH to remove the copper from the reaction solvent.  

To confirm the absence of copper, an aliquot was taken and a few drops of sodium 

sulfide solution were added.  

The copper-free solution was passed through a 6 mL SPE tube filled to 2/3 with 

anhydrous sodium sulfate (20 µm PTFE frits at top and bottom) and a 0.45 µm PTFE filter 
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to remove the water. After flushing the self-assembled cartridge with 1 mL abs. EtOH 

and 10 mL air, the solvent was removed in a mini rotary evaporator to obtain the 

radiolabeled Ch-PEG30-hbPG24-triazole-TEG-18F (10). 

3-[18F]fluoro-cholest-5-ene (11) (Scheme 2 and Scheme S5) was prepared by direct 

fluorination of the mesylated cholesterol precursor (3) with RCY ~ 25%. [18F]fluoride was 

trapped on a Waters QMA light Sep-Pak cartridge (preconditioned with 10 mL K2CO3 

(1 M), 10 mL MilliQ H2O and 20 mL air). After eluting the activity with 0.9 mL (52 µmol) 

TBAH in MeOH into a septum sealed reacti-vial the solution was dried under reduced 

pressure, and a stream of helium (260 mbar, 85 °C, 200 mL/min He). Residual water was 

removed azeotropically by adding 1 mL of MeCN (3x) under above mentioned 

conditions. Compound (3) (9.3 mg, 20 µmol) dissolved in 1 mL MeCN was added directly 

to the vial and heated for 20 min at 120 °C. During cool down in cold water for 5 min, 

the solution was quenched with 2-propanol (1 mL), followed by purification via 

semipreparative HPLC (Luna 10u Prep C18(2) 100A 250x10.00mm; 4 mL/min; 

iPrOH:MeCN (80:20)). The solvents of the separated fraction were removed within 

10 min using a mini rotary evaporator (stepwise reducing pressure, starting with 

200 mbar, 45 °C). Radiochemical yields of (11) were determined by RP-TLC (Merck TLC 

Silica gel 60 RP-18 F254s) with iPrOH:MeCN (4:1) as mobile phase (Rf : 0.4). Compound 

(11) was identified in HPLC and TLC via the reference compound (4). For taking up (11) 

into an injectable phosphate buffered saline solution, (2-hydroxypropyl)--cyclodextrin 

(45 % (w/v) solution in water) was used as a solubilizer. For the liposome preparation no 

solubilizer was used. 
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Supporting Information  

 

Figure S1: 1H NMR spectrum (400 MHz) of Ch-PEG27-CH2-C≡CH (1) in CDCl3.  
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Figure S2: MALDI-ToF mass spectrum of Ch-PEG27-CH2-C≡CH (1) (Dithranol as matrix; 

potassium trifluoroacetate (KTFA) as cationization agent). 

  



4.2 Radiolabeling and Positron Emission Tomography 
 

239 

 

Scheme S1: Reaction scheme for the synthesis of methanesulfonic acid 3-cholesteryl 

ester (3) starting from cholesterol. 

 

Scheme S2: Reaction scheme for the synthesis of 3-fluoro-cholest-5-ene (4) starting from 

cholesterol; DAST= diethylaminosulfur trifluoride. 

 

 

Scheme S3: Reaction scheme for the synthesis of 2-(2-(2-azidoethoxy)ethoxy)ethyl-4-p-

toluenesulfonate (7) starting from triethylene glycol (TEG). 
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Scheme S4: Reaction scheme and reaction conditions for the radiosynthesis of 1-azido-

2(2-(2-[18F]fluoroethoxy)ethoxy)ethane ((8), [18F]F-TEG-N3) via the nucleophilic 18F-

fluorination using 18F-fluoride-Kryptofix complex. 

 

 

Scheme S5: Reaction scheme for the synthesis of 3-[18F]fluoro-cholest-5-ene (11) starting 

from methanesulfonic acid 3-cholesteryl ester (3); TBAH= 

Tetrabutylammoniumhydroxide.  

 

Figure S3: Chromatogram of [18F]F-TEG-N3: 2 Onyx Monolithic C18 in a row 75:25 

(H2O:MeCN), 2 mL flow. 
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Figure S4: Chromatogram of reaction mixture (RCY>95%) Ch-PEG30-hbPG24-triazole-18F: 

2 Onyx Monolithic C18 in a row 75:25 (H2O:MeCN), 2 mL flow. 

 

Figure S5: Radio-TLC of a CuAAC reaction (Ch-PEG30-hbPG24-triazole-TEG-18F) after 5, 10, 

and 15 min plus [18F]F-TEG-N3 (Syn) with poor yields. 
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Figure S6: 5: Radio-TLC of a CuAAC reaction (Ch-PEG30-hbPG24-triazole-TEG-18F) after 10 

and 15 min with RCY > 95%.  
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Abstract 

 

Motivated by the oxygen-rich and fully amorphous structure of poly(glycidyl methyl 

ether) (PGME), a series of thermoresponsive poly(glycidyl methyl ether-co-ethylene 

oxide) copolymers P(GME-co-EO) with molecular weights in the range of 3000-

20 000 g mol-1 was synthesized by the activated monomer polymerization technique. 

Tetraoctylammonium bromide (NOct4Br) was employed as initiator in combination with 

triisobutylaluminum (i-Bu3Al) as a catalyst under mild conditions. Polyethers with varying 

GME content between 31 mol% and 100 mol% were obtained. Triad sequence analysis 

using 13C NMR spectroscopy proved that no pronounced block structure was obtained. 

Differential scanning calorimetry (DSC) revealed that samples exceeding 65 mol% 

content of GME are amorphous, whereas with lower GME content a low degree of 

crystallization was observed. Melting temperatures for these polyethers were in the 
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range of 9.8-37.5 °C. Furthermore, the copolymers’ lower critical solution temperature 

(LCST) in aqueous solution was tuned between 55 °C for the PGME homopolymer up to 

98 °C by varying the amount of GME. The approach permits to combine two highly 

biocompatible and water-soluble materials. 

 

Introduction 

 

Aliphatic polyethers are an important class of materials for a vast variety of applications, 

e.g., for pharmaceutical purposes and drug-delivery,1 lithium-polymer batteries,2 non-

ionic surfactants,3 and many others. They are commonly synthesized by the oxyanionic 

ring-opening polymerization (ROP) of epoxides using alkali metal alkoxides as initiators, 

but also via metal-free polymerization methods.4 Poly(ethylene glycol) (PEG) is 

undoubtedly the most important polyether due to its outstanding property profile and 

remarkable solubility both in water and organic solvents. However, due to its high 

degree of crystallization, PEG is shows drawbacks for some applications, such as lithium-

ion batteries.5 To suppress crystallization, epoxide comonomers with pendant side 

groups can be introduced. Copolymerization of ethylene oxide (EO) and propylene oxide 

(PO) with a methyl side group is an established strategy to lower the melting 

temperature or completely prevent crystallization of PEG, as demonstrated by several 

industrial products, like polyether-amines with the trade name Jeffamines® (Huntsman 

corporation). Furthermore, random P(EO-co-PO) copolymers exhibit tunable 

thermoresponsive behavior in aqueous solution, which has only rarely been mentioned 

in literature.6,7 Incorporating the hydrophobic monomer PO leads to lower critical 

solution temperatures (LCSTs) in aqueous solution in the range of 30-100 °C.6,7,8 It has 

recently been demonstrated that multifunctional polyether copolymers consisting 

mainly of EO units generally show this interesting behavior in aqueous solution.9 

One important drawback of the polymerization of alkene oxides, such as PO, is the high 

basicity of the initiating and propagating alkali metal alkoxide, combined with the harsh 

reaction conditions in conventional anionic ROP. Proton abstraction from the methyl 



5 Copolymerization of Ethylene Oxide and Glycidyl Methyl Ether 
 

246 

group of PO or the methylene group adjacent to the oxirane ring of a glycidyl ether 

results in an undesired transfer reaction to monomer, leading to the formation of an 

allyl alkoxide.4,10 Therefore, the synthesis of polyethers under common oxyanionic 

conditions and high temperature usually is limited to moderate molecular weights 

(< 15 000 g mol-1 for PO).11 

Deffieux, Carlotti et al. introduced an alternative strategy for the polymerization of 

various epoxides, leading to high molecular weight polymers with molecular weights up 

to 20 ,000 g mol-1 via a monomer activation process under mild reaction conditions.12 

The strategy relies on an anionic polymerization technique based on a trialkylaluminum 

catalyst (e.g., i-Bu3Al) and a tetraalkylammonium salt as the initiator system (e.g., 

NOct4Br).13 The initiation by a rather weak nucleophile (e.g., bromide) is a key difference 

in comparison to the conventional anionic polymerization, which commonly requires 

much stronger nucleophiles leading to the abovementioned elimination side reactions. 

One main drawback on the other hand, is the removal of the remaining initiator salt 

(NOct4OH), which is challenging due to its amphiphilic structure. In groundbreaking 

works, the monomer activation mechanism has been demonstrated for several systems, 

namely the (co)-polymerization of EO and PO,14 glycidyl methacrylate (GMA) and glycidyl 

methyl ether (GME),15 ethoxyethyl glycidyl ether,16 epichlorohydrin,17,18,19 and various 

hydrophobic epoxides20 that are usually difficult to polymerize to high molecular weight 

products. Heterofunctional α-azido,ω-hydroxypolyethers using tetrabutylammonium 

azide as an initiator were obtained in one step.21,22 

GME, the methylated form of glycidol, is an interesting, commercially available, and low 

cost glycidyl ether monomer. A direct strategy for the polymerization of GME is the 

anionic ROP, resulting in quantitatively methylated and thermoresponsive linear 

poly(glycerol).23 In recent studies, the main focus for poly(glycidyl methyl ether) (PGME) 

was placed on application in protein repellent coatings,24,25,26 as well as on its unique 

thermosensitive properties.15,27,28 Aoki et al. detected a LCST for the homopolymer at 

57.7 °C, above which the polymer becomes insoluble in water.29 However, only a few 

studies on the polymerization of GME have been reported to date, which might be due 

to the rather harsh polymerization conditions (reaction temperatures exceeding 110 °C 

and highly basic conditions) required to open the epoxide ring. Surprisingly, with the 

conventional anionic ring-opening method only molecular weights up to 3000 g mol-1 
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have been reported for the polymerization of GME.24,29 It is not yet understood why the 

GME monomer exhibits such low reactivity compared to other glycidyl ether derivatives. 

Obviously, the low reactivity is a challenge for copolymerization of GME with EO, since 

EO is a toxic gas (boiling point= 11 °C), and the elevated temperatures required would 

result in high pressures.30  

Motivated by the structural simplicity of GME, its thermoresponsive behavior and 

biocompatibility, in the current work we developed a straightforward copolymerization 

protocol for the preparation of poly(glycidyl methyl ether-co-ethylene oxide) (P(GME-co-

EO)) copolymers. To the best of our knowledge EO and GME have not been combined to 

date, despite the interesting biocompatibility of both homopolymers. The activated 

monomer procedure was used for the synthesis of the resulting thermosensitive 

polyethers. In this case the polymerization can be conveniently carried out at low 

temperatures (-15 °C-25 °C). The synthetic route is shown in Scheme 1. The resulting 

copolymers have been characterized with respect to their microstructure, thermal 

characteristics and cloud point in aqueous solution in dependence of the ratio of EO and 

GME units incorporated. 

 

Scheme 1: Synthetic route for the copolymerization of glycidyl methyl ether (GME) and 
ethylene oxide (EO) using the monomer activation method.  
 

Experimental Section 

 

Instrumentation 

1H NMR spectra and inverse gated (IG) 13C NMR spectra were recorded using a Bruker 

AC 400 spectrometer operated at 400 MHz or 100 MHz, respectively. All spectra are 

referenced internally to residual proton signals of the deuterated solvent. Size exclusion 

chromatography (SEC) measurements were carried out in dimethylformamide (DMF) 

with 0.25 g L-1 LiBr with Polymer Standards Service (PSS) HEMA columns (300/100/40). 
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For SEC measurements a UV (275 nm) and an RI detector were used. Calibration was 

achieved using poly(ethylene glycol) (PEG) standards provided by PSS. Differential 

scanning calorimetry (DSC) measurements were carried out using a Perkin-Elmer 

DSC 8500 in the temperature range of -100 to 100 °C, using heating and cooling rates of 

20 °C min-1 (1st cycle) and 10 °C min-1 (2nd cycle), respectively. The values of the second 

heating cycle were used for analysis. The melting points of indium (Tm = 156.6 °C) and 

Millipore water (Tm = 0 °C) were used for calibration. UV/vis spectra were recorded at 

20 °C using a Jasco V-630 photospectrometer containing a Jasco ETC-717 Peltier 

element. Cloud points were determined in deionized water at a concentration of 

5 mg mL-1 and a heating rate of 1 °C min-1 with the same instrument. A light beam 

(λ = 500 nm) was radiated through a 1 cm quartz cell, and the relative intensity of 

transmitted light was measured in dependence of temperature, while recording data 

points every 0.1 °C. The transition from transparent to opaque solutions was taken as 

cloud point and defined as the temperature corresponding to 50% transmission. We will 

refer to the LCST of the copolymers in a general sense, although the term LCST in a 

stringent sense corresponds to the lowest cloud point temperature possible, which is 

observed only at a certain concentration of a polymer. 

Reagents 

Solvents and reagents were purchased from Acros Organics, Sigma Aldrich, or Fluka and 

used as received, unless otherwise stated. Deuterated solvents were purchased from 

Deutero GmbH, and stored over molecular sieves. Triisobutylaluminum (i-Bu3Al, 1.1 M in 

toluene, Aldrich) was used without further purification. Tetraoctylammonium bromide 

(NOct4Br, >99%, Aldrich) was azeotropically dried with toluene overnight at dynamic 

vacuum prior to use. Toluene was dried over sodium and was kept in a flask under 

vacuum until usage. Glycidyl methyl ether (GME, >85%, TCI) was distilled twice over 

CaH2 at reduced pressure, stored in a fridge. GME was freshly dried over CaH2 and cryo-

transferred prior to use. Ethylene oxide (EO) was purchased from Fluka and was dried 

over CaH2 in a graduated ampule before each reaction.  

Polymer Synthesis 

As an example, the procedure is described for P(GME0.42-co-EO0.58) (Sample 5, Table 1 

theoretical 40 mol% GME: 60 mol% EO): The initiator NOct4Br (0.3 g; 0.55 mmol) was 

weighed in a Schlenk flask, toluene was added and the mixture was dried overnight 
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under vacuum. Anhydrous toluene was added via cryo transfer, and the dried GME 

(1.6 mL; 17.6 mmol) was added via syringe. EO (1.3 mL; 26.3 mmol) was cryo transferred 

first to a graduated ampule with CaH2 and then to the Schlenk flask containing the 

initiator-monomer solution. The mixture was cooled with an ice/salt mixture (-15 °C), so 

that EO was still liquid, and the i-Bu3Al solution (0.75 mL; 0.8 mmol) was carefully added 

via syringe. The reaction was allowed to warm up to room temperature and stirred for 

about 21 h. Subsequently, 5 mL of ethanol were added to stop the reaction.  

All polymerizations were carried out until quantitative conversion and produced samples 

with molecular weights between 3000 and 16 000 g mol-1 according to SEC. The 

materials were purified by column chromatography, since residual NOct4OH can 

influence the copolymers´ properties, e.g., the crystallization peak of NOct4OH is 

observed in DSC measurements, as described below. First, the initiator salt was eluted 

using diethylether: MeOH (10:3). Subsequently, the polymer was retrieved in a CHCl3: 

MeOH flush (8:2). Higher molecular weight copolymers could be purified by dialysis in 

CH2Cl2, albeit with rather high reduction of the polymer yield. Dissolving the polymer in 

water and filtering is also suitable to remove a majority of residual NOct4OH. 

Copolymers were obtained as colorless, viscous liquids. With increasing EO content, the 

products showed an increasingly crystalline appearance, as discussed in the section 

“Thermal Properties”. Yields of the copolymers were generally in the range of 50-75% 

and depended on the purification procedure that was required to remove NOct4Br. Full 

removal leads to strongly reduced yields. 

 

Results and Discussion 

 

As reported in literature, the monomer activated anionic polymerization initiated by 

NOct4Br/i-Bu3Al requires an excess of the aluminum compound with respect to the 

initiator NOct4Br.15,16,17 First, coordination of i-Bu3Al to the initiator NOct4Br takes place, 

forming a 1:1 “ate” complex. An excess of the aluminum compound can strongly activate 

the monomer, which is attacked by the nucleophilic “ate” complex. The nucleophilic 

bromide initiates the polymerization, while the monomers can insert and propagate. In 



5 Copolymerization of Ethylene Oxide and Glycidyl Methyl Ether 
 

250 

our case, EO and GME compete for the insertion process. The mechanism is depicted in 

Scheme 2 for GME and EO.   

 

Scheme 2: Reaction mechanism with monomer activation, nucleophilic attack by 
bromide and subsequent monomer insertion step as well as the complexation of the 
aluminum compound by the oxygens of the PGME backbone. 

 

Table 1 lists all experimental data, including molar masses and polydispersity indices 

(Mw/Mn= PDI) obtained by SEC (DMF, PEG standards). Molecular weights were varied 

between 3000 and 20 000 g mol-1, and moderate PDIs between 1.21-1.70 were 

obtained. A slight broadening can be noticed for copolymers of molar masses exceeding 

5000 g mol-1 and for high [i-Bu3Al]/[NOct4Br] ratios. A similar trend was already observed 

for the (homo)polymerization of PO31 or EEGE16, when using the trialkylaluminum/ 

tetraalkylammonium salt systems. The last column in Table 1 summarizes the catalyst vs. 

initiator ratios. Varying the composition turned out to be challenging, since for each 

comonomer composition different [i-Bu3Al]/[NOct4Br] ratios had to be used. In addition, 

for each molecular weight this ratio had to be adjusted, since the polymerization rate 

increases with increasing trialkylaluminum concentration, and a loss of polymerization 

control is observed. On the other hand, an insufficient concentration of trialkylaluminum 

compound may lead to incomplete conversion, as more i-Bu3Al is required to trigger 

GME polymerization. Trialkylaluminum may be inactivated by complexation with the 

oxygens of PGME segments, as shown in Scheme 2. Higher PDIs at higher ratios [i-

Bu3Al]/[NOct4Br] can be attributed to side-reactions associated with a temperature 
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increase in the reaction vessel and subsequent loss of control due to fast polymerization 

kinetics.12  

All SEC traces are monomodal (compare selection in Figure 1) and translate to molecular 

weights slightly lower than targeted by the ratio of NOct4Br initiator/monomer. Since 

the polymerization is not based on a functional initiator, we were unable to use 1H NMR 

spectroscopy to calculate exact molecular weights. However, 1H NMR spectroscopy was 

used to calculate the incorporated GME/EO ratio from a comparison of the signal of the 

methyl group at 3.32 ppm to the polyether backbone signals between 3.40 ppm and 

3.75 ppm (Figure 2). 

 

Table 1. Copolymers of glycidyl methyl ether (GME) and ethylene oxide (EO) initiated 
with NOct4Br and i-Bu3Al as the catalyst. 
 

No. Composition a) [GME]/ 

[EO] mol% (th) 

Mn (th) 

[g mol-1] 

Mn 
b) 

[g mol-1] 

Mw/Mn 
b) [i-Bu3Al]/ 

[NOct4Br] 

1 PGME 100:0 10 000 5200 1.50 4 

2 P(GME0.78-co-EO0.22) 80:20 4760 4700 1.21 1.5 

3 P(GME0.68-co-EO0.32) 60:40 4900 3400 1.68 4 

4 P(GME0.67-co-EO0.33) 66:34 5400 4450 1.21 1.5 

5 P(GME0.42-co-EO0.58) 40:60 4933 3200 1.21 1.5 

6 P(GME0.31-co-EO0.69) 20:80 4750 4700 1.23 1.5 

7 P(GME0.61-co-EO0.39) 50:50 19 200 14 000 1.70 3 

8 P(GME0.55-co-EO0.45) 50:50 19 800 15 000 1.44 3 

9 P(GME0.75-co-EO0.25) 80:20 20 600 16 000 1.63 3 

a) Values calculated by 1H NMR spectroscopy; b) Determined by SEC (DMF, PEG standard). 

The composition was calculated for all polymers, and the values are summarized in 

Table 1 ([GME]/[EO]). Additionally, the ratios can be calculated by comparing the 

resonances for both monomers in inverse gated (IG) 13C NMR spectra (Figure 3). Here, 

the same results were obtained with a variation of about 5% that is due to integration 

errors. The percentages are given as numbers in subscripts in the polymer name 

(Table 1). The values are in rather good agreement with expectation. However, in some 

cases the values differ, possibly due to small differences in measuring liquid EO. A typical 
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problem of the activated monomer mechanism is the removal of the NOct4OH initiator 

salt subsequent to the polymerization. Removing traces of NOct4OH is challenging, since 

its amphiphilic structure renders separation from the polymer difficult. Precipitation of 

the polymer can be an option, if one finds a suitable solvent for NOct4OH, in which the 

polymer product precipitates.19 In our case, column chromatography was used for the 

low molecular weight copolymers in order to remove the salt. Dialysis in CH2Cl2 or 

filtration of an aqueous solution of the respective polymer, was more suitable and more 

convenient for the higher molecular weight copolymers. A representative 1H NMR 

spectrum before and after removal of NOct4OH by column chromatography is given in 

the Supporting Information (Figure S1). 

 

Figure 1: SEC traces of selected copolymer samples; numbers in subscript indicate the 
ratio of GME and EO in mol%). P(GMEx-co-EOy) copolymers in DMF (P(GME0.78-co-EO0.22); 
P(GME0.67-co-EO0.33); P(GME0.42-co-EO0.58); P(GME0.31-co-EO0.69). 

 

Figure 2: 1H NMR spectrum of P(GME0.67-EO0.33) in CD2Cl2. 
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13C NMR Characterization (Triad Sequence Analysis) 

Via copolymerization of GME and EO we targeted highly hydrophilic, non-crystalline and 

thermoresponsive linear polyethers. These properties do not only depend on the total 

GME/EO ratio incorporated into the polymer, but are also significantly influenced by the 

monomer distribution within in the polymer chain (block, gradient, random). The 

influence of adjacent units on the methylene and methine carbon shift on both 

monomer units allows for the determination of the polymers’ microstructure. Triad 

sequence analysis is a well-established method that has also been used to analyze 

copolymers consisting of EO and PO,14,32 ethoxyethyl glycidyl ether,33 1,2-isopropylidene 

glyceryl glycidyl ether,34 allyl glycidyl ether (AGE) and N,N-dibenzylamino glycidol 

(DBAG)35 or ethoxy vinyl glycidyl ether (EVGE).36 This method clearly proved that 

copolymers of EO and glycidyl ether derivatives, like EVGE, resulted in random 

copolymers, when the oxyanionic polymerization method was employed. However, little 

is known about the comonomer incorporation in the case of monomer activation 

polymerization. Figure 3 displays the most important region of the IG 13C NMR spectra of 

the low molecular weight P(GME-co-EO) copolymers. EO units are referred to as “E”, 

while GME units are abbreviated with “G”. Since both monomers possess two carbons 

(methylene and methine in the case of GME), they are referred to as “a” or “b”. These 

carbon shifts are strongly influenced by the adjacent monomer units.  

In the IG 13C NMR spectra of five copolymers with different amount of GME (Figure 3), 

two main regions for characterization of the composition can be discerned. The carbon 

resonances of the polyether backbone appear between 69.6-73.6 ppm and from 78.5-

79.4 ppm (Figure 3). Having the homopolymer of PGME in hand, all signals of the GME 

units can be assigned (methylene Ga and II, methine Gb, and the methyl group I, 

compare chemical structure Figure 3). By comparing the five spectra and based on 

reported literature values,32 the methylene groups of the EO triad (E-E-E) can be clearly 

assigned. The spectra of the copolymers differ drastically from the PGME homopolymer. 

With increasing amount of incorporated EO, new resonances appear, which are marked 

in grey in Figure 3. These new resonances were assigned using literature values and 

based on simulated 13C NMR spectra (ChemDraw Ultra 10.0).32 With increasing amount 

of EO, the E-E-E triad signals at 71.0 ppm increase (Figure 3, top to bottom), while the 

triads for GME (G-Ga-G) at 73.1 ppm decrease. 
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Additionally, Figure 3 shows the chemical shift for the methine carbons of GME (Gb). 

Here, between 78.8 ppm and 79.4 ppm the G-G-G triad can be assigned based on the 

homopolymer spectrum. The splitting results from stereosequences/polymer 

tacticity.20,37 With increasing amount of EO, these signals decrease and the more 

probable triad E-G-E appears at around 78.7 ppm. Interestingly, the signal for the methyl 

group of the GME unit also splits into two signals with increasing amount of EO. In 

Figure 3 (inset) only one peak is seen for the homopolymer at 59.4 ppm, whereas for the 

copolymers splitting of the resonance is observed. We attribute this to the interaction of 

the methyl group with the adjacent monomer units on both sides of the GME unit.  

The more “complex” 13C NMR spectra of the copolymers compared to the 13C NMR 

spectrum of the homopolymer PGME demonstrate that a random or gradient 

distribution of EO and GME throughout the polyether backbone was obtained. 

Additionally, the interaction observed between the methyl group of GME and the 

adjacent monomer units clearly proves that no preferential block structure is formed 

during the polymerization. The thermal characterization discussed in the following 

section provides additional insight to distinguish between an ideally random or gradient 

type structure.  
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Figure 3: Inverse gated 13C NMR spectra of P(GMEx-co-EOy) in CD2Cl2 with varying 
amounts of GME (31-100 mol% bottom to top; I, II, Ga and Gb belong to the GME units; 
Ea and Eb belong to the EO units). 
 

Thermal Properties and Degree of Crystallization 

The content of GME should permit to tailor the thermal properties of the copolymers. 

The effect of increasing incorporation of GME immediately became evident, since 

copolymers with GME content exceeding 42 mol% were transparent, viscous liquids, 

whereas elevating the EO content afforded increasingly crystalline samples. 

Differential scanning calorimetry (DSC) was used to investigate the thermal properties of 

the copolymers. The melting temperature (Tm) of PEG is strongly dependent on its 

molecular weight.38 For commercially available methoxy-poly(ethylene glycol) (mPEG-
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350) one observes a broad melting endotherm around -4.0 °C, for mPEG-550 an increase 

of Tm to 12.5 °C is found, whereas mPEG-1100 exhibits a Tm at 37.5 °C. With increasing 

molecular weight the Tm steadily approaches its maximum of 66 °C.38 On the other hand, 

due to its atactic nature the PGME homopolymer exhibits no melting. However, a low 

glass transition temperature (Tg -60 °C, sample 1, Table 2) is observed, which mirrors its 

amorphous character. For some samples that have not been repeatedly purified, a 

crystallization peak between 89-93 °C was observed, which cannot be ascribed to 

polyether structures, but is attributed to residual NOct4OH from the polymerization 

reaction. 

DSC results demonstrate the impact of the GME units incorporated in the PEG backbone. 

Incorporation of GME repeat units in the polyether backbone disrupts the PEG 

segments, thereby reducing the melting temperature (e.g., to 9.8 °C for sample 7, 

Table 2), as well as the overall crystalline fraction of the polymers. As the amount of 

GME decreases, a Tm is detectable that increases up to about 37 °C at 31 mol% GME. The 

almost linear trend is depicted in Figure 4a, which also emphasizes that above 40 mol% 

GME content the copolymers exhibit melting temperatures below room temperature. 

The commercially available PEG-4400 exhibits a Tm at 59 °C. Surprisingly, the copolymer 

with 55 mol% GME and 45 mol% EO still showed a melting point at 16.6 °C, which was 

not expected for such high amounts of methyl side-chain containing GME units. Keeping 

in mind the melting point of mPEG-550 (approximately 13 EO repeating units) at 12.5 °C, 

these results lead us to the assumption that the polymer with 45 mol% EO units already 

contains significantly EO-enriched segments. In combination with the results of IG 

13C NMR characterization, we therefore propose a gradient-type structure of the 

copolymers. This hypothesis is further supported by the changes of the melting 

enthalpy, which is strongly reduced from 162 J g-1 for PEG-4400 to 11 J g-1 for P(GME0.61-

co-EO0.39), reflecting the disturbance of the crystalline order by the comonomer GME. 

Nevertheless, the tapered structure does not appear to be very pronounced, since a 

linear correlation between the GME content and the melting enthalpy is observed 

(Figure 4b), which would not be expected for a strong comonomer gradient. From the 

values of the melting enthalpy the normalized crystalline fraction (χc) can be calculated 

according to Equation 139,40, dividing the melting enthalpy (∆Hm) by the melting enthalpy 

for PEG with a hypothetic degree of crystallization of 100% (∆Hm
∞) and normalizing this 
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value to the relative fraction of PEG (ƒw
PEG), thereby taking the decrease of crystallizable 

PEG segments into account. The theoretical melting enthalpy for 100% crystalline PEG is 

196.8 J g-1.41 For the commercially available PEG-4400 we determined a melting enthalpy 

of 162 J g-1, which corresponds to a normalized degree of crystallization of 82.3%. With 

increasing amount of GME in the polyether backbone χc can be tuned between 48.6 J g-1 

and 14.3 J g-1 (Table 2, last column) for GME contents between 31% and 61%. This may 

be important for specific applications and certain processing demands.  

𝜒c =  
∆Hm

∆Hm
∞ * ƒw

PEG         (1) 

Table 2 lists the Tg values for all samples, however, no trend is observed for the 

copolymers. This is in line with expectation, since both polyether homopolymers exhibit 

a Tg around -60 °C. For PGME a Tg of -60 °C was detected, and for PEG-4400 a Tg at -57 °C 

was identified. The variation of the glass transition temperatures most likely originates 

from small changes in molecular weight and composition.  

 

Table 2: Thermal properties of copolymers of glycidyl methyl ether (GME) and ethylene 
oxide (EO). 

No. Composition a) Mn (SEC) 

[g mol-1] 

Tg  

[°C] 

Tm  

[°C] 

∆Hc 

[J g-1] 

Cloud 

Point 

Tc [°C] 

Χc 

% 

1 PGME 5200 -60.0 - - 55 - 

2 P(GME0.78-co-EO0.22) 4700 -65.3 - - 64 - 

9 P(GME0.75-co-EO0.25) 16 000 -64.6 - - 58 - 

4 P(GME0.67-co-EO0.33) 4450 -64.7 - - 76 - 

7 P(GME0.61-co-EO0.39) 14 000 -66.3 9.8 11 61 14.3 

8 P(GME0.55-co-EO0.45) 15 000 -68.5 16.6 17 65 19.2 

5 P(GME0.42-co-EO0.58) 3200 -65.0 16.4 39 98 34.2 

6 P(GME0.31-co-EO0.69) 4700 -60.7 37.5 66 n.d. 48.6 

10 PEG-4400 4300 -57.0b) 58.8 162 n.d.c) 82.3 

a) Values calculated by 1H NMR spectroscopy; b) The glass transition of PEG was not very 
pronounced; c) PEG has a LCST higher than 100 °C.42 Χc= Normalized degree of 
crystallization; n.d.: not detectable with this setup. 
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Figure 4: (a) Melting temperatures vs. GME content (mol%) and (b) Melting enthalpy vs. 
GME content (mol%) of a selection of polymers (PEG-4400; P(GME0.31-co-EO0.69); 
P(GME0.42-co-EO0.58); P(GME0.55-co-EO0.45); P(GME0.61-co-EO0.39).  
 

Thermoresponsive Properties in Solution 

Multifunctional PEGs with various side groups and tunable lower critical solution 

temperature (LCST) behavior between 9-82 °C have been investigated in our group in 

recent work.9 These copolymers are interesting for biomedical applications, especially 

when the LCST is close to body temperature (~32 °C). Nevertheless, the synthesis of 

functional monomers that are suitable for the oxyanionc ring-opening polymerization 

can be cumbersome. In the present study, we were interested in GME as an extremely 

simple monomer structure, emphasizing the intriguing issue as to how the presence of 

the additional oxygen of GME influences the LCST in PEG copolymers, compared to the 

well-known and widely used P(EO-co-PO) copolymers.  

Most of the P(GME-co-EO) copolymers exhibit temperature-dependent solubility in 

aqueous solution. The thermoresponsive behavior can be explained by the interplay of 

the hydrophilic PEG segments and the rather hydrophobic methyl groups of the GME 

units. Above the cloud point the polymer is immiscible in aqueous solution, forming a 

collapsed globule (polymer-polymer interaction), which can be detected by turbidimetry 

measurements using a temperature-controlled UV/vis spectrometer. Table 2 

summarizes the cloud point temperatures (Tc) measured for different P(GME-co-EO) 

copolymers. Figure 5a depicts the laser light transmission with respect to temperature 

for P(GME-co-EO) copolymer solutions. 
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Figure 5: (a) Intensity of transmitted laser light vs. temperature for P(GME-co-EO) 
copolymers of various compositions at a concentration of 5 mg mL−1 in aqueous 
solution. (b) •: Effect of EO content on LCST of the P(GME-co-EO) copolymers. For 
comparison the LCST of P(PO-co-EO) copolymers are summarized; data from literature 
7;  data from literature.6 
 

As can be seen from Table 2 and Figure 5, the thermoresponsive behavior shows a linear 

correlation with the composition of the copolymers. For the PGME homopolymer a Tc of 

55 °C was detected, as reported in the literature.27,29 By increasing the amount of the 

hydrophilic EO units the cloud point increases, as expected, up to a maximum of 98 °C. 

For PEG the thermoresponsive behavior at elevated temperatures depends on the 

concentration and molecular weight and has been reported to exceed 100 °C (values 

obtained under reduced pressure).42,43 Figure 4b illustrates the linear relationship 

between the EO content and the LCST, enabling the controlled preparation of polymers 

with defined cloud points. Louai et al. and Persson et al. also reported a linear 

relationship between the EO content and the LCST for P(PO-co-EO) copolymers. The first 

group investigated star shaped random copolymers with molecular weights (Mw) around 

30 000 g mol-1 and PO contents between 12-26%. The LCSTs increased in a linear fashion 

from 66-87 °C.6 The second group determined LCSTs for copolymers (10%wt) with 50, 

70, and 80% PO, which were found to be at 50, 40, and 30 °C, respectively.7 For 

comparison, Figure 4b demonstrates that the LCST for both copolymer systems (P(GME-

co-EO) and P(PO-co-EO)) is generally lowered by the incorporation of both GME and PO. 

However, in general, the LCST values for P(GME-co-EO)s are approximately 30 °C higher 

than for copolymers with PO units. This supports the idea that the hydrophilicity of the 
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GME unit is considerably higher than for the PO-units, leading to improved aqueous 

solubility. It is also known that an increase in molecular weight results in lowering the 

LCST, which is in line with the higher values for the 3000 g mol-1 samples compared to 

the 15 000 g mol-1 samples (Table 2).6 This trend is reflected by the values in Table 2 

when comparing P(GME0.67-co-EO0.33) (3000 g mol-1) and P(GME0.61-co-EO0.39) 

(14 000 g mol-1). The first sample shows a Tc of 76 °C, whereas the latter with almost the 

same EO content, exhibits a Tc of 61 °C. Figure S3 (Supporting Information) gives the 

intensity of transmitted laser light vs. temperature for the samples P(GME0.75-EO0.25), 

P(GME0.61-EO0.39), and P(GME0.55-EO0.45) in aqueous solution. 

 

Reactivity of the comonomers 

The copolymerization of GME and EO by the activated monomer mechanism represents 

a novel approach to combine glycidyl ethers and EO. Our group has observed that the 

copolymerization of these types of monomers usually results in ideally random 

copolymers, when oxyanionic ring-opening polymerization is applied.34,36 The qualitative 

triad sequence analysis has demonstrated that no preferential block structure was 

obtained, as indicated by the inverse gated 13C NMR spectra for the copolymers 

compared to the PGME homopolymer. DSC results suggest that there are some 

crystalline areas in the P(GME-co-EO) copolymers with rather high amounts of GME 

content (< 65 mol%). This result indicates that the microstructure is more of a gradient 

nature. We have also synthesized two copolymers using an low amount of i-Bu3Al-

catalyst ([NOct4Br]/[i-Bu3Al]= 1:2 for 20 000 g mol-1; not shown in Table 1). Here, no full 

conversion was obtained, which was attributed to the insufficient concentration of 

activated monomer species, due to predominant complexation of i-Bu3Al by the oxygens 

of the formed P(GME-co-EO) chains.17 Instead of the targeted GME/EO ratio of 50/50 we 

observed an incorporation ratio of 28/72, while when aiming at GME/EO = 60/40 the 

final polymer contained a ratio of 40 mol% GME and 60 mol% EO. This outcome also 

points to faster incorporation of EO, resulting in a gradient structure. How can this be 

explained by the monomer activation mechanism? Rejsek et al. observed a similar trend 

for EO/PO copolymers synthesized via the activated monomer mechanism. They 

attributed this to larger steric hindrance of PPO-segments, keeping in mind that the 

monomer addition takes place with bulky aluminum complexes.14 This could also be true 
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for the GME unit in a similar manner. In Scheme 2 the reaction mechanism has been 

presented, including the monomer activation by a slight excess of the Lewis acid 

trialkylaluminum (monomer-/i-Bu3Al-complex). This coordination is different for an 

epoxide and a glycidyl ether derivative, as emphasized in Figure 5. In the case of EO, 

aluminum can only coordinate to the oxygen of the epoxide ring, thereby withdrawing 

electron density, which facilitates a nucleophilic attack. On the other hand, GME 

contains two oxygens that can coordinate to aluminum. In this case, electron density 

from the epoxide ring cannot be withdrawn as strongly as in the case of EO. Accordingly, 

the activation is weaker and hence the nucleophilic attack will be slower, which may also 

explain the “lower” reactivity of GME compared to EO. 

    

Figure 5: Hypothetic complexation of i-Bu3Al by the oxygen of EO (left) vs. the 
complexation of i-Bu3Al by the oxygens of GME (right). 
In summary, the copolymerization of GME and EO via the activated monomer 

mechanism results in a tapered structure, but the gradient is not very pronounced. This 

is supported by the linear relationship between the thermal properties and the GME 

content, which points to limited deviation from random incorporation. 

 

Conclusion 

 

To the best of our knowledge, this report describes the first copolymerization of 

ethylene oxide (EO) and glycidyl methyl ether (GME) to thermoresponsive polyether 

structures. Conventional oxyanionic copolymerization is not possible for this challenging 

comonomer pair. Using the activated epoxide monomer polymerization technique with 

a NOct4Br/i-Bu3Al ratio >1, the preparation of a series of P(GME-co-EO) copolymers with 

molecular weights between 3000 g mol-1 and 20 000 g mol-1 was achieved. Qualitative 

triad sequence analysis via inverse gated 13C NMR spectroscopy proved that no 

preferential block structure is generated. Based on DSC measurements the presence of 

crystallizable polyether segments could be identified, even at rather high GME content, 
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which points to to EO-rich segments. Our hypothesis is that EO becomes incorporated 

slightly faster than GME, which is probably due to higher activation and thus faster 

insertion of EO.  

Melting temperatures and morphology of the copolymers can be tuned depending on 

the GME vs. EO content, retaining the high hydrophilicity of PEG. Thermoresponsive 

behavior in aqueous solution also depends on the GME comonomer content, which is 

reflected by LCSTs between 55 °C and 98 °C. Thermoresponsive properties confirm that 

the gradient structure is not very pronounced, since a linear correlation between the 

lower critical solution temperature (LCST) and the GME content was found. When 

compared to the established P(PO-co-EO) copolymers, the materials generally show 

higher LCSTs, since GME is clearly more hydrophilic than PO.  

The hydrophilic, thermoresponsive PEG copolymers are promising in applications for 

which crystallization of PEG is not desired, e.g., in lithium ion battery applications or for 

“smart window” devices. Based on the biocompatibility of both homopolymers, 

excellent biocompatibility is also expected for the copolymers of EO and GME. 

Therefore, the materials are of interest for biocompatible “smart” surfaces or surface 

coatings in biomedical applications and will also be tested for advanced PEGylation 

approaches in the near future.  
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Supporting Information  

 

Figure S1: 1H NMR spectrum of P(GME0.67-EO0.33) in CD2Cl2 before (bottom) and after 
(top) purification by column chromatography.  

 

Figure S2: SEC traces for a selection of higher molecular weight P(GME-co-EO) 
copolymers in DMF (homopolymer PGME; P(GME0.61-EO0.39), P(GME0.55-EO0.45). 
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Figure S3: Intensity of transmitted laser light vs. temperature of P(GME0.75-EO0.25) (red); 
P(GME0.61-EO0.39) (blue); P(GME0.55-EO0.45) (black), at a concentration of 5 mg mL-1 in 
aqueous solution. 
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Copper-Free Click Reaction on Norbornene-Functionalized Linear-

Hyperbranched Polyethers Using a Tetrazine Fluorescent Label 

 

(In collaboration with Matthias Worm (AK Frey), Thomas Fritz, Matthias Voigt, and Prof. 

Helm, Institute of Pharmacy and Biochemistry, Johannes Gutenberg University Mainz) 

 

Methods for labelling polymers or biomolecules with fluorescent dyes have become an 

essential tool in biomedical applications. The conjugation of labels via copper-catalyzed 

alkyne-azide click reaction was presented in Chapter 3 and Chapter 4.2 as a versatile 

functionalization platform. The main drawback is the usage of transition metals and 

stabilizers which may limit the application in  vivo, if residual copper remains in the 

product.1 One option to circumvent these limitations is the strained-promoted alkyne-

azide cycloaddition, but suitable alkyne derivatives usually have to be synthesized in a 

demanding manner.2 An alternative route is the labeling strategy based on the inverse 

electron-demand Diels-Alder reaction.3 A tetrazine (electron-deficient diene) can react 

with a norbornene (dienophile) wherein nitrogen is eliminated, rendering the reaction 

irreversible (Figure 1). The potential of this cycloaddition was shown in an efficient 

labelling route of DNA or RNA, respectively.4,5 Advantages of this approach are the facile 

reaction procedure and mild reaction conditions (aqueous solution, room temperature, 

small excess of the tetrazine compound).  
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Figure 1: Diels-Alder reaction with inverse electron-demand on a norbornene-
functionalized polymer. 
 

In a recent project, linear-hyperbranched polyethers were functionalized with 

bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride (Figure 2) after deprotonation with 

cesium hydroxid. In the near future, the norbornene-functionalized polymers will be 

incorporated into liposomes by dual centrifugation (DC)6,7 and subsequently labeled 

with a tetrazine-fluorescent dye (Atto 488 derivative) in a copper-free “click” reaction 

(Figure 2). 

 

Figure 2: Reaction scheme for the copper-free “click” reaction of linear-hyperbranched 
polyethers functionalized with a norbornene derivative and a tetrazine-fluorescent label.  
As a hydrophobic anchor in the phospholipid bilayer of liposomes, cholesterol as well as 

bis-alkyl glyceryl ether will be investigated (Figure 3). Here, the main difference between 
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cholesterol and alkyl chains is based on their influence and stabilization of membranes, 

which can by systematically studied, e.g. in cells, when the lipids are labelled via a 

fluorescence marker. 

 

Figure 3: Norbornene-functionalized linear-hyperbranched polyether with cholesterol or 
1,2-bis-n-hexadecyl glyceryl ether as the initiator and anchor in lipid membranes.  
 

So far, the norbornene-functionalized, branched lipids have been characterized by 

1H NMR spectroscopy (Figure 4) and diffusion-ordered spectroscopy (DOSY) (Figure 5). In 

the 1H NMR spectrum of Ch-PEG22-hbPG35-Nor6 the signals of the cholesterol anchor are 

observed in the aliphatic region (0.72 ppm to 2.3 ppm) and the signals of the polyether 

backbone are seen between 3.4 ppm and 4.3 ppm. The resonance for the cholesterol 

double bond appears at 5.38 ppm and the double bonds of the norbornene moieties are 

detected between 6.14 ppm and 6.24 ppm (f/g, Figure 4). The residual resonances of the 

norbornene skeleton appear between 2.9 ppm and 3.20 ppm (b/c, d/e) but cannot 

clearly be distinguished. The signal of the bridge atom (a) is observed at 1.30 ppm 

overlapping with the signals of cholesterol. By integration of the cholesterol methyl 

group and the signals for the norbornene double bonds, the number of functional 

groups can be determined to be 6. DOSY proves the covalent attachment of the 

norbornene derivative to the polyether backbone. This is shown by the resonances of 

the norbornene double bonds at 6.30 ppm which exhibit the same diffusion coefficient 

of 2.93x10-6 m2 s-1 as the polymer. The signal at 6.23 ppm with a diffusion coefficient of 

1.88x10-5 m2 s-1 may stem from free norbornene-derivatives but cannot clearly be 

assigned at the moment due to missing resonances of the remaining cyclic skeleton. 
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Figure 4: 1H NMR spectrum of Ch-PEG22-hbPG35-Nor6 in MeOD with peak assignments of 
the functional group.  

Figure 5: Diffusion-ordered spectroscopy (DOSY) of Ch-PEG22-hbPG35-Nor6 in MeOD. 
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Novel linear-hyperbranched Polyether Amphiphiles with Phospholipids as 

the Hydrophobic Segment 

 

Using cholesterol as the initiator for the oxyanionic ring-opening polymerization of 

epoxides is convenient, since cholesterol is commercially available and low priced. We 

could show that cholesterol anchors the polyether amphiphiles in the phospholipid 

membrane. Nevertheless, the attachment of a polymer can vary the native location of 

cholesterol in the membrane. Carrion et al. introduced a “spacer arm” which influenced 

and reinforced the flexibility of the PEG chain and the rigid cholesterol segment was 

believed to be inserted deeper into the bilayer of liposomes compared to lipids without 

a spacer.8 

Phospholipids are an interesting alternative and they are often applied in “stealth” 

liposomes as, e.g., 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-

(polyethylene glycol)] (DSPE-mPEG) derivatives. However, the main disadvantages of 

these systems are their relatively high price and their lack of functional groups for 

further derivatization. In addition, phospholipids cannot be used as initiators for the 

epoxide construction kit, since they do not stand the basic reaction conditions and acidic 

conditions in the deprotection step of the PEEGE block. The attachment of phospholipids 

to linear-hyperbranched polyethers may be achieved via coupling chemistry. One option 

may be the coupling via squaric acid diethylester (SADE), which is usually used for 

reactions with amines.9,10 Figure 6 presents the possible coupling between the amine 

group of DSPE and amine functionalized linear-hyperbranched polyethers mediated by 

squaric acid. 
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Figure 6: Possible coupling between the amine group of DSPE and amine functionalized 
linear-hyperbranched polyethers mediated by squaric acid. 
In a proof-of-concept, the linear analogue PEG was investigated at the beginning. First 

results were obtained with mPEG-amine as shown in Figure 7 (SEC elugram, DMF) and in 

Figure 8 (1H NMR spectrum). The mPEG-amine was functionalized with SADE and mPEG-

SEA (mPEG-squaric ethylester amide) was obtained which exhibited a strong UV-signal in 

SEC measurements (red trace). Compared to mPEG (black trace) a shift to lower elution 

volume was observed (blue trace). The 1H NMR spectrum of mPEG2000-SEA proved 

successful coupling of SADE to the polymer as depicted in Figure 8. The methoxy group is 

observed at 3.36 ppm (c) and the resonances of the PEG backbone is observed between 

3.40 ppm and 3.90 ppm. The signal of the squaric ethylester amide moiety appears at 

1.43 ppm (a) and 4.73 ppm (d) whereas the amine resonances can be seen at 6.66 ppm 

and 6.91 ppm. Furthermore, the peak integrations correspond well to the expected 

number of protons.  
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Figure 7: SEC elugram of mPEG2000-Amine (black); mPEG2000-SEA (blue, mPEG-squaric 
ethylester amide) → shift to higher molecular weights after successful reaction between 
mPEG2000-amine and SADE; UV-signal of mPEG2000-SEA (red) with good overlay of the 
RI signal. 

 

Figure 8: 1H NMR spectrum of mPEG2000-SEA in CDCl3; 1H NMR (300 MHz, CDCl3): 
𝜕 (ppm) = 1.43 (t, 3 H, a), 2.40 (3 H, b), 3.33 (s, 3 H, c), 3.48-3.88 (polyether backbone), 
4.74 (q, 2 H, d), 6.66 and 6.91 (br, 1 H, e).  
 

The successful coupling between mPEG and SADE can also be detected by matrix 

assisted laser desorption/ionization time of flight mass spectrometry (MALDI-ToF MS). 

Figure 9 shows that the main distribution can be assigned to the functionalized PEG 
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chain with sodium as the counter ion, whereas the second distribution contains 

potassium as the counter ion (m/z = 1983.5 = mPEG41-SEA + Na+). Different 

characterization techniques can be exploit to prove the coupling of a polymer to SADE or 

the functionalized SADE-polymer to a second amine compound.  

 

Figure 9: MALDI-ToF MS of mPEG2000-SEA with dithranol as the matrix and potassium 
trifluoroacetate as the cationization agent. 
 

Preliminary experiments of the functionalization of linear-hyperbranched polyethers, 

containing an amine group, with SADE showed difficulties in the quantitative reaction 

between the amine group of the polymer and the squaric acid (data not shown). 

However, the main limitations are found in the last step in which the phospholipid DSPE 

was coupled to the derivatized polyether chain. This was evidenced by MALDI-ToF MS in 

which two distributions were found, one for mPEG2000-SEA, and one distribution for 

DSPE coupled to mPEG2000. Especially for the hyperbranched polymer, differences in 

solubility between the phospholipid and the polymer, steric hindrance, and lower 

reactivity of the DSPE amine are the main obstacles which have to be overcome. 

Nevertheless, optimization of the reaction conditions and a successful coupling between 

phospholipids and the complex polyether lipids, will expand the tool box for novel 

“stealth” lipids. 
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Future Projects 

 

The synthesis and characterization of complex polyether-based lipids, copolymers, and 

overall the initiated projects have motivated and inspired multiple other studies in 

related scientific areas. Due to the limited timeframe of this thesis and the broad, 

interdisciplinary fields, several projects could not be addressed, but should be examined 

in subsequent work. 

 

Ketal groups. The introduction of pH-sensitive groups, such as acetals, is an ongoing 

topic. Acetal groups were shown to be cleaved under acidic conditions, but cleavage can 

take hours or up to days, depending on the pH and environment. Ketal groups exhibit 

faster degradation profiles (in a few hours) but on the other hand, the synthesis is 

challenging due to the sensitive chemical bond. Here, certain obstacles need to be 

overcome in order to successfully synthesize and incorporate these groups into the 

stabilizing shell of liposomes.  

 

Folate attachment. First of all, the aspect of derivatization is crucial in order to obtain 

“active” targeting in the context of multifunctional liposome formulations. Folate-

mediated endocytosis or folate-mediated tumor targeting in vivo remain an interesting 

question.  
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Crosslinking. In general, multihydroxyl PEG-PG-lipids with pendant allyl groups or double 

bonds are an exciting class of lipids, since they enable not only further functionalization, 

but also crosslinking of the stabilizing polymer shell. Successful incorporation has already 

been shown in preliminary results, but crosslinking after liposome formulation and the 

influence on the stability as well as on the in vivo properties remain to be investigated.  

 

Amine groups. The platform of multifunctional PEG-PG lipids can be enlarged by 

introducing other functional groups, such as amines at the polymer corona. This can be 

carried out by using glycidol and N,N-diallyl glycidyl amine (DAGA) with subsequent 

isomerization of the allyl groups and acidic cleavage of the protecting groups to release 

the free amine groups. Such an approach opens up novel functionalization routes where 

selective amine chemistry can be employed. For example, the attachment of antibodies 

via amine moieties may be promising.  

 

Cholesteryl- vs. Alkyl-anchor. Of course, not only variation in the polyether segments and 

additional functionalities can be carried out, but also variation in the hydrophobic 

anchor group is promising. It is known, that cholesterol has a totally different influence 

on the membrane stability and fluidity compared to linear alkyl chains. Furthermore, 

attaching a polymer chain to cholesterol influences its native location in the 

phospholipid bilayer. Hence, liposome stability may change drastically, which first of all 

may be studied in monolayers (Langmuir Blodgett trough) and CLSM measurements 

(when a fluorescent dye is attached). Furthermore, cell tests, membrane-membrane 

fusion, and endocytosis may be investigated in detail.  

 

In vivo biodistribution. First results in in vivo and ex vivo biodistribution studies 

employing fluorine-18 labeled polyether lipids in liposome formulations are promising 

with regard to drug delivery applications. Here, totally new fields of investigations and 

questions emerge. First of all, liposome size plays a crucial role for biodistribution, 

therefore homogeneous sizes and small sizes (50 nm polycarbonate membranes) may be 

a point of interest. Of course, PET measurements longer than 1 h are fundamental for 

clarification of the “stealth” effect of the hyperbranched lipids. Tumor-bearing mice 
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could give insight into tumor accumulation of the novel liposomes by “passive” or 

“active” targeting, e.g., if targeting molecules are attached to the liposome surface.  

 

Solubilization of MnO NP. The cholesterol-or alkyl-initiated polyethers were also tested 

for their solubilizing properties of manganese oxide (MnO) nanoparticles in 

collaboration with Dr. Heiko Bauer (research group of Prof. Tremel, Mainz). Promising 

results were found for reversible, hydrophobic interactions between the alkyl segment 

and the hydrophobic oleic acid layer (capping agent) around the MnO particles, as 

depicted below. After treatment with the polymer, the particles became soluble in 

aqueous solution and were stable for at least four months. TEM pictures confirmed 

these results. This project is promising with regard to reversible solubilization of 

nanoparticles in different solvents. Here, again the steric hindrance of the hydrophobic 

segment (cholesterol vs. alkyl) plays an important role for the insertion into the oleic 

acid layer and needs to be investigated in more detail.  
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ABSTRACT 

Synthesis and characterization of novel hydroxyl-functionalized oxetane-inimers with varied 

alkyl chain length - 3-hydroxymethyl-3-methoxymethyloxetane (HMMMO), 3-hydroxymethyl-3-

propoxymethyloxetane (HMPMO) and 3-hexoxymethyl-3-hydroxymethyloxetane (HMHMO) - is 

reported. Cationic ring-opening polymerization of these latent, cyclic AB2-monomers leads to 

hyperbranched polyether polyols with degrees of branching (DB) between 34% and 69%, 

confirmed by inverse gated (IG) 13C NMR spectroscopy. The hyperbranching polymerization 

yielded apparent molecular weights (Mn) ranging from 500 to 2500 g mol-1 (size exclusion 

chromatography). Remarkably, by copolymerization of 1,1,1-tris(4-hydroxyphenyl)ethane as a 

“focal” unit, polymerization  under slow monomer addition conditions lead to higher apparent 

molecular weights up to 11,220 g mol-1. The end groups of the hyperbranched polymers were 

studied via matrix-assisted laser desorption/ ionization time of flight mass (MALDI-TOF) and 

NMR spectrometry. By varying the alkyl chain length, tailoring of the solubility and glass 

transition temperatures of the materials is possible. Potential applications range from macro-

initiators with defined polarity to tailoring of surface properties of antifouling materials.  

KEYWORDS: Hyperbranched polyether polyols; cationic ring-opening polymerization; 

polyhydroxyoxetanes; multibranching polymerization; slow monomer addition 
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INTRODUCTION 

Oxetanes are four-membered, strained ring systems. In comparison to the three-membered 
oxirane analogs, they are more basic (pKA (oxetane)=-2.02, pKA (oxirane)=-3.7) and exhibit lower 
ring strain (oxetane: 106 kJ mol-1, oxirane: 116 kJ mol-1).1, 2 This leads to a more facile 
polymerization following a cationic mechanism than via an anionic one. However, anionic ring 
opening polymerization (AROP) of oxetanes with the aid of activating agents has been reported.3 

Hyperbranched (hb) polyoxetanes, which are commonly obtained by the cationic ring-opening 
polymerization (CROP) of oxetanes with a pendent hydroxyl group (latent AB2 monomers), have 
attracted increasing attention in recent years.4–8 In contrast to their linear homologues, 
hyperbranched polymers show lower viscosity, improved solubility and almost no 
entanglements because of the compact structure and multivalency.9 The unique structure of 
hyperbranched polymers renders them excellent building blocks for supramolecular self-
assembly.10, 11, 12 Despite the polydispersity and the usually poor control of the structure in 
comparison to the perfectly branched dendrimers, hyperbranched polymers are used in a variety 
of applications, ranging from biomedical purposes to nanotechnology.12–17 The obvious 
advantage over perfectly branched dendrimers is their facile and fast synthesis in large 
quantities.19–21 An established hyperbranched polyether is hbpolyglycerol (hbPG), due to its 
excellent biocompatibility, chemical stability and inertness under biological conditions.22–27  

In contrast to hbPG, hbpolyoxetanes possess exclusively primary hydroxyl groups, in contrast to 
the presence of both primary and less reactive secondary hydroxyl groups in hbPG. This could be 
an advantage for applications such as hyperbranched ionic liquids.5 Furthermore, hyperbranched 
polyoxetanes are less hydrophilic than hbPGs and dissolve in various organic solvents. Despite 
their hydrophobicity, polyoxetanes have bactericidal properties28, which could enlargen the 
number of possible applications from surface modifications to biomedical applications.  

Previously described hyperbranched oxetane inimers are generally functionalized with 
hydroxymethyl groups at the 3-position. Vandenberg et al. described the polymerization of 3,3-
bis(hydroxymethyl)oxetane (BHMO), which represents an AB3 monomer, to result in an almost 
insoluble product.29 By derivatizing one of the two hydroxyl groups by an alkyl chain, the 
resulting polymer becomes soluble in a few organic solvents like pyridine and cresol, as 
mentioned in a patent by Schnell long ago.30 Penczek and coworkers investigated the synthesis 
and the polymerization mechanism of poly-3-ethyl-3-(hydroxymethyl)oxetane (PEHO) and 
achieved molecular weights of 2000-5000 g mol-1 and polydispersity indices (PDI = Mw/Mn) as 
low as 1.5.31–34 Competition between the active monomer (AM) mechanism and the active chain 
end (ACE) mechanism was reported. The authors concluded that only the AM mechanism leads 
to branching units. Due to the existence of both mechanisms, the degree of branching (DB) is 
limited and lower than for hbPG obtained from the controlled anionic polymerization of glycidol 
(around 67%).9, 24, 35 However, by following a slow monomer addition (SMA) protocol, the degree 
of branching should increase also for the case of oxetane polymerization, because of the favored 
AM mechanism in this case.36 Additionally, Yan et al. demonstrated that the degree of branching 
depends on the catalyst - monomer ratio.37 Liu et al. reported molecular weights of PEHO up to 
9400 g mol-1 and Xia et al. PDIs of poly(3-methyl-3-hydroxymethyl)oxetane around 1.2 via 
cationic ring-opening polymerization.6, 38 The degree of branching varied around 50%39, 40 and 
seemed to be dependent on the reaction temperature in a lower temperature range (-50 °C to 
30 °C).41 Schulte and coworkers reported that during polymerizations to linear products self-
initiation of oxetanes can lead to cyclic byproducts, which impedes a controlled cationic ring-
opening polymerization.42 Also, Bednarek and coworkers suggested termination of the 
hyperbranched polymerization of EHO by cyclization via an intramolecular chain transfer 
reaction.32 The presence of cyclic products, as detected in matrix-assisted laser 
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desorption/ionization time of flight mass spectrometry (MALDI-ToF MS) analysis was mentioned 
as a possible reason for the limited molecular weights.  

The objective of our current work is to establish a systematically varied series of new oxetane 
inimers by monoalkylation of 3,3-bishydroxymethyl oxetane (BHMO). Three novel oxetane-
inimers, 3-hydroxymethyl-3-methoxymethyloxetane (HMMMO), 3-hydroxymethyl-3-
propoxy¬methyloxetane (HMPMO) and 3-hexoxymethyl-3-hydroxymethyloxetane (HMHMO) 
were synthesized and polymerized, as shown in Scheme 1. Comprehensive characterization of all 
polymers via MALDI-ToF MS, NMR spectroscopy and size exclusion chromatography (SEC) has 
been carried out. Three monoalkyl derivatives of BHMO with alkyl chains of varying lengths were 
prepared to investigate the structure/solubility properties relationships of the resulting 
polymers.  

 

Scheme 1: Reaction scheme for the synthesis of 3,3-bis(hydroxymethyl)oxetane to functional 
oxetane inimers with varied alkyl chain length and the following ring-opening multibranching 
polymerization (ROMBP) to hyperbranched polyether polyols.   

EXPERIMENTAL   

Materials 
All reagents were purchased from Acros Organics or Sigma Aldrich and were used as received, 
unless otherwise stated. Anhydrous THF and toluene were stored over a sodium/potassium 
mixture and freshly distilled prior to use. Boron trifluoride etherate was purified by distillation. 
Deuterated chloroform-d1, DMSO-d6 and pyridine-d5 were purchased from Deutero GmbH.  
 
Instrumentation 
1H NMR (300 MHz and 400 MHz) and 13C NMR spectra (75 MHz and 100.6 MHz) were recorded 
on a Bruker AC300, Bruker AC400, Avance III HD 300 (300 MHz, 5 mm BBFO-head with z-gradient 
and ATM, B-ACS 60 sample changer) with Open-Access-Automation, Avance II 400 (400 MHz, 
5 mm BBFO-head with z-gradient and ATM, SampleXPress 60 sample changer) with Open-
Access-Automation or Avance III HD 400 (400 MHz, 5 mm BBFO-SmartProbe with z-gradient and 
ATM, SampleXPress 60 sample changer), respectively, and were referenced internally to residual 
proton signals of the deuterated solvents. 19F NMR spectra were recorded on a Bruker 400 MHz 
FT NMR spectrometer.  
For size exclusion chromatography (SEC) measurements in tetrahydrofuran (THF) a PU 1580 
pump, an auto sampler AS1555, a UV-detector UV 1575 (detection at 254 nm) and an RI-
detector RI 1530 from JASCO were used. Columns (MZ-Gel SDplus 102 Å and MZ-Gel SDplus 
106 Å) were obtained from MZ-Analysentechnik. Calibration was carried out with polystyrene 
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standards purchased from Polymer Standard Services (PSS). MALDI-ToF MS measurements were 
performed using a Shimadzu Axima CFR MALDI-TOF mass spectrometer, using dithranol (1,8,9-
trishydroxyanthracene) or CHCA (α-Cyano-4-hydroxycinnamic acid) as a matrix. The samples 
were prepared from pyridine and ionized by adding lithium chloride or potassium trifluoro 
acetate. Mass spectra were obtained on a QTof Ultima 3 (Waters, Milford, Massachusetts) 
apparatus employing ESI. Column chromatography was performed on silica gel (particle size 63-
200 μm, Merck, Darmstadt, Germany). DSC measurements were carried out using a PerkinElmer 
DSC7 with a PerkinElmer thermal analysis controller TAC7/DX in the temperature range of -100-
150 °C, using heating and cooling rates of 40 °C min−1 (first cycle) and 10 °C min-1 (second cycle), 
respectively. The melting points of indium (Tm=156.6 °C) and Millipore water (Tm=0 °C) were 
used for calibration.  
 
Synthesis of 3,3-bis(hydroxymethyl)oxetane (BHMO)29   
Pentaerythritol (200 g, 1.47 mol), diethylcarbonate (220 mL, 1.64 mol) and potassium hydroxide 
(0.3 g, 7.5 mmol) in ethanol (25 mL) were refluxed under argon atmosphere for 19 h. After 
removal of ethanol by distillation and cooling to room temperature, potassium hydroxide 
(0.23 g) in ethanol (20 mL) was added. Under reduced pressure (0.019 mbar) the crude product 
was obtained by distillation (yield: 57%).1H NMR (300 MHz, DMSO-d6): δ (ppm) = 4.54 (s, 4H, -
CH2OH), 4.27 (s, 4H, -CH2O-), 4.75 (t, 2H, J = 15 Hz, -CH2OH). 
 
Synthesis of 3-hydroxymethyl-3-methoxy-methyloxetane (HMMMO) 
BHMO (4 g, 34 mmol) was dissolved in 20 mL DMSO under argon atmosphere. At 0 °C sodium 
hydroxide (813.6 mg, 34 mmol) was added. The mixture was stirred at room temperature for 
4 h. Methyl iodide (6.4 mL, 102 mmol) was added slowly with a syringe under argon atmosphere, 
and the mixture was stirred for 3 d at 35 °C. After cooling to room temperature, DMSO was 
evaporated under reduced pressure, the product was dissolved in diethyl ether and washed with 
water several times. Diethyl ether was evaporated and the product was purified by distillation 
(yield: 41%). 1H NMR (300 MHz, CDCl3): δ (ppm)= 4.43 (d, 2H, J = 7.3 Hz -CH2O-), 4.40 (d, 2H, J = 
7.3 Hz -CH2O-), 3.84 (d, 2H, J = 7.4Hz, -CH2O-), 3.67 (s, 2H, -CH2O-) 3.35 (s, 3H, CH3O-), 2.7 (t, 1H, J 
= 10.4 Hz, -OH). 13C NMR (75 MHz, CDCl3): δ (ppm) = 76.42 (-CCH2-O-CH2-), 76.37 (-CH2OH), 66.10 
(-O-CH2-), 59.65 (-CH3), 40.85 (CH2-C-CH2), ESI MS: 154.99 g mol-1 with sodium as cation (calc. 
isotopic mass=155.07 g mol-1). 
 
Synthesis of 3-hydroxymethyl-3-propoxy-methyloxetane (HMPMO) 
HMPMO was prepared in a similar procedure as HMMMO. Instead of iodomethane, 1-propyl 
bromide was added (15.5 mL, 170 mmol). After cooling to room temperature, DMSO was 
evaporated under reduced pressure and the product was dissolved in ethyl acetate and washed 
with water several times. Ethyl acetate was evaporated and the product was precipitated by 
distillation (yield: 42%). 1H NMR (300 MHz, CDCl3): δ (ppm)= 4.44 (d, 2H, J = 6.2 Hz, -CH2O-), 4.39 
(d, 2H, J = 6.2 Hz, -CH2O-), 3.87 (d, 2H, J = 5.1 Hz, -CH2O-), 3.72 (s, 2H, -CH2O-) 3.38 (t, 3H, J = 7.4 
Hz, CH3O-), 2.80 (s, 1H, -OH), 1.63-1.42 (m, 2H, CH2-), 0.87 (t, 3H, J = 7.4 Hz, CH3-). 13C NMR 
(75 MHz, CDCl3): δ (ppm) = 76.56 (-CCH2-O-CH2-), 74.83 (-CH2OH), 73.46 (-CCH2-O-), 66.58 (-O-
CH2-), 40.70 (CH2-C-CH2), 22.71 (-CH2-), 10.40 (-CH3), ESI MS: 183.1 g mol-1, cationized with 
sodium (calc. isotopic mass=183.1 g mol-1). 
 
Synthesis of 3-hexoxymethyl-3-hydroxy-methyloxetane (HMHMO)  
HMHMO was prepared in analogy to HMMMO and HMPMO. As an alkylation agent 25 mL of 
freshly distilled bromohexane (170 mmol) were added. After cooling to room temperature, 
DMSO was evaporated under reduced pressure and the product was dissolved in ethyl acetate 
and washed with water at least three times. Ethyl acetate was evaporated and the product was 
destillated (yield: 51%). 1H NMR (300 MHz, CDCl3): δ (ppm)= 4.46 (d, 2H, J = 6.2 Hz, -CH2O-), 4.39 
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(d, 2H, J = 6.2 Hz, -CH2O-), 3.90 (s, 2H, -CH2O-), 3.74 (s, 2H, -CH2O-), 3.43 (t, 2H, J = 6.6 Hz, CH2O-), 
2.64 (s, 1H, -OH), 1.68-1.44 (m, 2H, CH2-), 1.37-1.16 (m, 6H, -CH2-) 0.9 (t, 3H, J = 6.8 Hz, CH3-). 13C 
NMR (75 MHz, CDCl3): δ (ppm) = 76.62 (-CCH2-O-CH2-), 75.31 (-CH2OH), 72.02 (-CCH2-O-), 67.01 (-
O-CH2-), 31.57 (CH2-C-CH2), 29.45 (-CH2-), 29.40 (-CH2-), 25.67 (-CH2-), 22.44 (-CH2-), 13.97 (-CH3), 
ESI MS: 225.14 g mol-1 with sodium as cation (calc. isotopic mass=225.15 g mol-1).  
 
General procedure for the synthesis of hyperbranched polyoxetanes 
Distilled boron trifluoride etherate (0.06 mL, 0.47 mmol) was added to dichloromethane via a 
syringe at room temperature under argon atmosphere. Freshly distilled monomer (HMMMO: 
0.5 mL, 4.7 mmol, 132.08 g/mol, HMPMO: 0.5 mL, 3.4 mmol, 160.11 g/mol, HMHMO: 0.5 mL, 
2.7 mmol, 202.16 g/mol) was dissolved in 11.5 mL freshly distilled dichloromethane and added 
slowly via syringe over 8 h. After 12 h, the polymerization was quenched with pyridine. The 
product was dissolved in 0.5 mL pyridine and precipitated three times in diethyl ether. The 
polymer was dried under reduced pressure at 70 °C for 2 d (yield: 64.2% PHMMMO, 75.0% 
PHMPMO, 66.0% PHMHMO).  
1H NMR (PHMMMO, 400 MHz, pyridine-d5): δ (ppm) = 4.7-4.4 (m, -CH2O-), 4.15-4.05 (m, -OH), 
4.1-3.8 (m, -CH2O-), 3.3-3.1 (m, CH3O-). 13C NMR (100.6 MHz, pyridine-d5): δ (ppm) = 76.2-74.2 
(polyether backbone), 65.2-62.8 (-CH2-OH), 58.7-59.2 (-CH3), 45.3 (CH2-C-CH2).  
1H NMR (PHMPMO, 400 MHz, pyridine-d5): δ (ppm)= 7.0 (m, OH), 4.4-3.9 (m, -CH2O- ), 3.9-3.6 
(m, -CH2O-), 3.6-3.4 (m, CH2O-), 3.4-3.3 (m, CH2O-), 1.8-0.6 (m, CH3CH2-). 13C NMR (PHMPMO, 
100.6 MHz, pyridine-d5): δ (ppm) = 74.2-69.5.2 (polyether backbone), 65.0-67.2 (-CH2-OH), 64.2 
(-CH2-), 46.0-47.2 (CH2-C-CH2), 23.6 (-CH2-), 10.3 (-CH3). 
1H NMR (PHMHMO, 400 MHz, pyridine-d5): δ (ppm)= 6.3 (m, -OH), 4.4-3.9 (m, -CH2O-), 3.9-3.6 
(m, -CH2O-), 3.6-3.4 (m, CH2O-), 3.4-3.3 (m, CH2O-), 1.8-0.6 (m, CH3CH2-). 13C NMR (100.6 MHz, 
pyridine-d5): δ (ppm) = 74.2-69.5.2 (polyether backbone), 65.0-67.2 (-CH2-OH), 61.1 (-CH2-), 46.0-
47.2 (CH2-C-CH2), 32.4-23.5 (-CH3). 
 
General procedure for the synthesis of hyperbranched oxetanes with core molecules 
Distilled boron trifluoride etherate (0.06 mL, 0.47 mmol, 141.93 g mol-1) was added to a solution 
of dichloromethane and 1,1,1-tris(4-hydroxyphenyl)ethane (306.36 g mol-1) via a syringe at room 
temperature under argon atmosphere. Freshly distilled monomer (HMMMO: 0.5 mL, 4.7 mmol, 
132.08 g mol-1, HMPMO: 0.5 mL, 3.4 mmol, 160.11 g mol-1, HMHMO: 0.5 mL, 2.7 mmol, 
202.16 g mol-1) was dissolved in 11.5 mL freshly distilled dichloromethane and added slowly via 
syringe over 8 h. After 12 hours the polymerization was quenched with pyridine. Subsequently, 
the product was dissolved in 0.5 mL pyridine and precipitated three times in diethyl ether. The 
polymer was dried under reduced pressure at 70 °C for 2 d (yield: 65.0% PHMMMO, 84.2% 
PHMPMO, 84.0% PHMHMO). 1H NMR of PHMHMO, polymerized with 1,1,1-tris(4-
hydroxyphenyl)ethane (the corresponding values of PHMMMO and PHMPMO are given in the 
Supporting Information) (400 MHz, pyridine-d5): δ (ppm) = 7.41-6.87 (m, arom. H), 6.01 (m, -OH), 

4.25-3.28 (m, polyether backbone), 2.22 (s, -CH3), 1.8-0.6 (m, CH3CH2-). 13C NMR (100 MHz, 
pyridine-d5): δ (ppm) = 156.58 (=C-, arom.), 141.24 (=C-, arom.), 129.98 (=CH-, arom.), 115.08 
(=CH-, arom.),71.33-62.66 (polyether backbone), 58.69 (-CH3), 46.09 (-C-), 31.52(-CH2-), 29.83 (-
CH2-), 25.89 (-CH2-), 22.60 (-CH2-), 13.97 (-CH3).  
 
Functionalization with trifluoroacetic an-hydride (TFAA)  
100 mg of polymer (PHMMMO, PHMPMO or PHMHMO) were dissolved in 5 mL of trifluoroacetic 
anhydride under argon atmosphere and refluxed for 8 h. The solution was cooled to room 
temperature and trifluoroacetic anhydride was evaporated under reduced pressure. The product 
was dried under reduced pressure at 50 °C for 8 h (yield: 89%). 1H NMR of functionalized 
PHMMMO (400 MHz pyridine-d5): δ (ppm)= 4.79-4.44 (m, -CH2O-CO-), 3.81-3.07 (m, polyether 
backbone, m, -CH3). 13C NMR of functionalized PHMMMO (100.6 MHz, pyridine-d5): δ (ppm) = 
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164.23-160.55 (-C=O), 121.30-112.73 (CF3), 75.14-65.99 polyether backbone, CH2-CO-), 59.69 (-
CH3), 47.94-42.43 (-C-). 
 

 

Figure 1: 1H NMR spectra (300 MHz, CDCl3) of HMMMO, HMPMO and HMHMO with methyl, n-
propyl and n-hexyl substituent, respectively. 

 
RESULTS AND DISCUSSION 
As illustrated in Scheme 1, the novel oxetane-inimers were synthesized in two steps. In the first 
reaction, 3,3-bis(hydroxymethyl)oxetane (BHMO) was prepared, starting from pentaerythritol 
and diethyl carbonate.29 In the second step, one of the two hydroxyl groups of BHMO was 
functionalized by alkylation using either methyl iodide, 1-propyl bromide or 1-hexyl bromide.  
Since alkylation of the second hydroxyl group of BHMO also occurred as an inavoidable side 
reaction, yields of the desired monoalkylated BHMO-derivative did not exceed 51%. After 
extraction in diethyl ether or ethyl acetate and distillation the products possessed a purity of 
98%, confirmed by gas chromatography. Electro spray ionization mass spectroscopy (ESI MS) 
showed molecular weights of HMMMO, HMPMO and HMHMO and demonstrated the absence 
of side products. Characterization by IR spectroscopy shows a signal at 920-930 cm-1 which can 
be assigned to the oxetane ring and a broad signal at 3200-3500 cm-1 for the hydroxyl groups. In 
Figure 1 the 1H NMR spectra of the new oxetane inimers HMMMO, HMPMO and HMHMO are 
presented, which show the characteristic doublets  of the protons of the oxetane rings and the 
signals of the protons of the hydroxyl groups.  

Polymerization and functionalization 

HMMMO, HMPMO and HMHMO were polymerized by cationic ring-opening polymerization with 
boron trifluoride etherate as the cationic catalyst, following the synthetic procedure published 
by Bednarek and coworkers for poly(3-ethyl-3-hydroxymethyl oxetane) (PEHO).31, 43 The 
corresponding hyperbranched polymers PHMMMO, PHMPMO and PHMHMO were 
characterized by SEC, MALDI-ToF MS as well as 1H NMR and 13C NMR spectroscopy. 
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Figure 2: 1H NMR (400 MHz) spectra of PHMHMO (sample No. 9) before (top) and after 
functionalization (bottom) with TFAA, measured in pyridine-d5. 

Table 1: Characterization data of hbPHMMMO, hbPHMPMO and hbPHMHMO. 

No. polymer Mn
a PDIa DBb 

1 PHMMMO 500 1.16 58.4 

2 PHMMMO 600 2.50 61.4 

3 PHMMMO 600 1.68 62.1 

4 PHMMMO 1200 1.20 54.2 

5 PHMPMO 900 1.45 52.1 

6 PHMPMO 2000 2.22 43.0 

7 PHMPMO 2500 1.83 46.0 

8 PHMHMO 1000 2.91 47.0 

9 PHMHMO 1100 1.33 54.0 

10 PHMHMO 1400 1.29 60.3 
a: apparent molecular weights, determined by SEC after functionalization with TFAA (THF, PS-standard) in g mol-1, RI 
detector. b: determined from IG 13C NMR spectra after functionalization with TFAA, in %. 

To dissolve PHMMMO, PHMPMO and PHMHMO in organic solvents like THF for SEC 
characterization, the hydroxyl groups were acylated with TFAA. The resulting molecular weights 
and PDIs obtained by SEC as well as the degrees of branching (vide infra) are listed in Table 1. 
Compared to the PHMPMO and PHMHMO samples, PHMMMO possesses the lowest molecular 
weight. The different molecular weights obtained by SEC support the conclusion that the 
cationic ring opening polymerization is not controllable in the sense that targeted molecular 
weights could be reached.  

Molecular weights obtained by SEC suggest that in several reactions merely oligomers were 
obtained (e.g. sample 1-3, 5). However, from the solid appearance of the products, the 
decreasing solubility in organic solvents and water, the broad signals obtained by NMR 
spectroscopy and particularly the results obtained by MALDI ToF MS as well as by DSC, there is 
evidence that the apparent molecular weights by SEC are underestimated.  

Figure 2 presents the 1H NMR spectra of PHMHMO and acetylated PHMHMO (sample No. 9). 
Prior to derivatization a signal at 6.51 ppm is detectable, which is due to the protons of the 
hydroxyl groups. After functionalization with TFAA the signal disappears completely. From these 
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results, successful functionalization of the hydroxyl groups of PHMHMO is evident. Additionally, 
complete functionalization is supported by the disappearance of the signals of the hydroxyl 
groups (3200-3000 cm-1) in the IR spectrum. 

 

Figure 3: IG 13C NMR (100.6 MHz) of PHMHMO (sample No. 9), functionalized with TFAA, 
measured in CDCl3. Pyridine-d5 was used as solvent for the reaction and is therefore visible as a 
pyridinium salt in the spectrum, R: oxetane-unit. 

The degree of branching (DB) was first defined by Fréchet and coworkers who introduced the 
following equation:44 

𝐷𝐵 =
𝐷+𝑇

D+T+L
    (1) 

A systematic consideration led to the generally valid equation (2), which is also used in this 
work:9, 45 

𝐷𝐵 =
2D

(2D+L)
    (2) 

The values for D and L were obtained from inverse gated (IG) 13C NMR spectra by integrating the 
quaternary carbon signals of the functionalized polyoxetanes. This procedure was already used 
for PEHO, as reported by Magnusson et al.46 The separated signals belong to the dendritic (D), 
linear (L) and terminal (T) units of the polymer. Figure 3 shows an exemplary IG 13C NMR 
spectrum (PHMHMO, sample No. 9, after acylation) with the mentioned signals highlighted (see 
enlargement). The resulting degrees of branching vary between 43 and 62%, as shown in Table 
1. PHMPMO shows the lowest degrees of branching (around 44%). The average DB of all listed 
polymers is 52.9%, consistent with results of related polymers like hbPEHO in literature (around 
50%, vide supra).39, 40 

Characterization by MALDI-ToF MS 

Based on the absolute mass/charge ratios of the distinct macromolecular species of a poly-
disperse polymer sample provided by MALDI-ToF MS, this tool permits end group analysis and 
was employed to characterize the molecular weights of the polyoxetanes synthesized. 



Hydroxyfunctional Oxetane-Inimers with Varied Polarity 
 

345 

Furthermore, intramolecular chain transfer reactions, which result in cyclic products, can be 
detected via MALDI-ToF MS. Figure 4 shows a MALDI-ToF mass spectrum of PHMHMO (sample 
No. 8) after purification by precipitation. 

 
Figure 4: MALDI-ToF MS of sample 3, CHCA matrix, cationized with potassium. 

The inset presents five different series of signals, which occur in the interval of the molecular 
weight of the monomer HMHMO (202.16 g mol-1). The signals with the highest intensity stem 
from PHMHMO, initiated with boron trifluoride etherate, cationized with potassium. In the inset 
the hexamer and heptamer are shown. Two signals of medium intensity can be assigned to 
heptamers of PHMHMO, initiated with water and boron trifluoride and water, cationized with 
lithium and potassium. The polymerization with boron trifluoride etherate as initiator is known 
to start with water, although initiator and monomers were freshly distilled under argon 
atmosphere.47 The remaining distribution with lowest intensity belongs to the heptamer of 
PHMHMO  and the heptamer of PHMHMO initiated with boron trifluoride. Both were cationized 
with lithium. The heptamer of PHMHMO, initiated without boron trifluoride or water, could 
either exist in a cyclized form or including an oxetane unit. Scheme 2 shows the mechanism of 
the propagation of the polymerization with boron trifluoride etherate and the assembly of boron 
trifluoride in the polymer. Protons can result by intermolecular transfer steps (Scheme 2.2), 
which are capable of initiating further chains, whereas the other modes can be explained by 
polymer molecules without initiator as starting molecules. In summary, polymerizations with 
boron trifluoride etherate are expected to be either initiated by boron trifluoride or by a proton 
formed by reaction with a co-initiator like water (see Scheme 2.3). Propagation of the 
polymerization with boron trifluoride etherate is additionally supported by 19F NMR (see 
Supporting Information). PHMHMO was measured using pyridine-d5 as a solvent. PHMHMO 
shows one signal at 149.06 ppm, boron trifluoride etherate shows two signals at 148.84 ppm 
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and 149.60 ppm. The chemical shift of the signals implies that residual initiator is removed 
during purification of the polymer and that boron trifluoride etherate is incorporated in the 
polymer. One of the two signals of the measurement of boron trifluoride etherate in pyridine 
can be explained by complexation of the boron atom with the oxygen atom of diethyl ether and 
the second signal by complexation of the boron atom to the nitrogen of the pyridine solvent. It is 
well-known that MALDI-ToF MS commonly underestimates molecular weights due to 
discrimination of the higher molecular weight fractions, the so called “mass discrimination 
effect”.48 In the present case, MALDI-ToF MS leads to higher molecular weight for sample 8 (see 
Table 1) than SEC (Mn= 1000 g mol-1, PDI= 2.91), since the hyperbranched structure of the 
polymer strongly differs from the linear polystyrene standard. We attribute this to the 
hyperbranched structure of the polymer, which results in a lower hydrodynamic volume than for 
the linear polystyrene standard used in SEC.  

Scheme 2: Mechanism of the initiation processes, including boron trifluoride etherate, oxetane-
inimer and water. 

 

Cationic ring-opening polymerization initiated by THPE 

Polymerizations under SMA (slow monomer addition)49 conditions with a core-molecule (Table 
2) were conducted to investigate the correlation between the active monomer and the active 
chain end mechanism. SMA conditions were chosen, because in this case self-initiated polymeri-
zation should be suppressed. The probability of the reaction between an oxetane monomer and 
a propagating main chain increases in comparison to reaction with another monomer.6, 50 
Nevertheless, the degree of branching should increase by inserting a focal unit for the following 
reason: In the first step, a hydroxyl group of the focal unit attacks an oxetane-inimer, which 
leads to opening the oxetane ring-system, whereas without a focal unit, propagation 
commences with the attack of an oxetane hydroxyl group at an additional oxetane-inimer. The 
remaining oxetane rings in the main chain lead to an ACE-mechanism, which finally results in a 
lower degree of branching.31 1,1,1-tris(4-hydroxyphenyl)ethane (THPE) was chosen as a focal 
unit.  In addition, this moiety renders the resulting polyethers detectable by the UV detector of 
the SEC setup. In addition, it allows for the determination of the number-averaged molecular 
weight from the 1H NMR spectra due to the low field resonances of its aromatic protons. 
However a crucial requirement for this method is complete incorporation of the core molecule 
in all polymer chains formed. Table 2 lists the molecular weights and PDIs of a series of 
PHMMMOs, PHMPMOs and PHMHMOs with THPE incorporated as a focal unit. In comparison to 
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the results of the polymerizations in absence of THPE (Table 1), the average molecular weights 
and the average DB increased consiedrably, confirming the effect of the slow monomer addition. 

In polymerizations initiated with THPE, the AM mechanism predominates, as explained above. 
The average molecular weights measured by SEC deviate from the targeted molecular weights, 
being somewhat lower, which is again most likely a consequence of the linear polystyrene 
standards. Furthermore, molecular weights obtained from 1H NMR differ from the molecular 
weights measured by SEC. 1H NMR spectroscopy is more precise than IG 13C NMR spectroscopy, 
because protons show shorter relaxation times than carbon atoms and higher sensitivity. 
Therefore, an interpretation of the molecular weights from 13C NMR does not lead to reliable 
values. Generally, a low deviation of the integration of the initiator signals results in enormous 
differences in the resulting molecular weights. NMR spectroscopy may overestimate the 
molecular weights because of self-initiated NMR spectroscopy may overestimate the molecular 
weights because of self-initiated polymerization of the oxetanes as a side reaction.  
Altogether, the values are closer to the targeted molecular weight, with the exception of sample 
14. However, the molecular weight is not controllable under the conditions of the cationic ring-
opening polymerization. 
 
Table 2: Characterization data of hbPHMMMO, hbPHMPMO and hbPHMHMO, polymerized with 
THPE. 

No. Polymer   Mn
a Mn

b Mn
c Mn

d PDIc PDId DBc 

11 THPE-PHMMMO  4040 2300 1600 2000 1.84 1.85 33.8 

12 THPE-PHMMMO  2950 800 2400 2000 2.13 1.2 65 

13 THPE-PHMPMO  3030 5000 4200  1.68  69 

14 THPE-PHMPMO  9000 10200 7000  1.66  53.5 

15 THPE-PHMPMO  5900 3000 8100 8000 1.4 1.24 48.5 

16 THPE-PHMPMO  2070 37700 11200 9900 1.44 1.34 53.2 

17 THPE-PHMHMO  6000 1200 1100 1100 1.68 1.2 67.3 

18 THPE-PHMHMO  1900 4400 1400 1300 1.13 1.23 61.8 

19 THPE-PHMHMO  2900 2400 1700 1000 1.34 1.61 61.7 

20 THPE-PHMHMO  10000 23200 2100  1.33  46.2 

21 THPE-PHMHMO  4200 4500 2900 5000 1.42 1.2 64 

22 THPE-PHMHMO  5000 1600 5000 4900 1.26 1.21 56 

a: targeted molecular weight in g mol-1. b: determined by 1H NMR in g mol-1. c: determined by SEC (THF, PS-Std.) in 
g mol-1, RI detector. d: determined by SEC (THF, PS-Std.) in g mol-1, UV detector. 
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Figure 5: SEC-diagram of THPE-PHMHMO (sample No. 22) in THF, polymerized with THPE, 
demonstrating incorporation of the aromatic core unit in all polymer chains of the distribution.  

Figure 5 shows an SEC diagram of PHMHMO (sample No. 22), recorded by both detectors RI and 
UV. Further SEC results are shown in the Supporting Information (fig. S15-S20). SEC diagrams of 
the samples THPE-PHMPMO (sample No. 13), THPE-PHMPMO (sample No. 14) and THPE-
PHMHMO (sample No. 20) do not show a signal of the UV-detector in SEC analysis. However, 
polymerizations without the core molecule can be excluded, because no lower molecular weight 
fractions were detected by SEC, assigned to THPE. Additionally, NMR spectroscopy shows a shift 
of the aromatic signals in comparison to the signals of THPE.  

For further characterization, a 1H DOSY (Diffusion Ordered Spectroscopy) NMR spectrum of 
THPE-PHMHMO (sample No. 20), was measured (Figure S21, Supporting Information). The 
objective of the measurement is to guarantee incorporation of the focal unit in the polymer. The 
1H DOSY NMR spectrum reveals two distinct diffusion coefficients, which range from 6.78-6 to 
1.67-6 cm2 s-1 for the polymeric species and from 1.88-5 to 1.21-5 cm2 s-1 for the lower molecular 
weight compounds, such as pyridine-d5 and DMSO. The aromatic signals that stem from the focal 
unit exhibit a diffusion coefficient of 6.78-6 to 1.96-6 cm2 s-1 and are located within the range of 
the polymer backbone. A higher magnification of the aromatic signals in the upper left corner 
reveals two doublets. For the DOSY transform, standard values by ´Mestrelab Research´ were 
used. The results support the theory that the polymerization is initiated by the focal units under 
SMA conditions.6, 50 

Table 4: Solubility of hbPHMMMO (sample No. 4), hbPHMPMO (sample No. 5) and hbPHMHMO 
(samples No. 9) in various organic solvents and water (+: good solubility, -: no solubility). 

polymer water/ ethanol/ methanol DMF DMSO triethylamine pyridine acetonitrile n-hexane THF 

hbPHMMMO - - - - + - - - 

hbPHMPMO - - + + + - - - 

hbPHMHMO - + + + + - - - 

 

Properties of hbPHMMMO, hbPHMPMO and hbPHMHMO 

To investigate the thermal properties of the polyethers differential scanning calorimetry (DSC) 
measurements were carried out.  

Table 3 lists the glass transition temperatures (Tg) of hbPHMMMO, hbPHMPMO and 
hbPHMHMO. The Tgs vary with molecular weight, polydispersity and degree of branching and 
range from -59 to -24 °C. The direct comparison of the Tgs of the polymers with different alkyl 
chain length (samples 4, 5 and 9 with similar molecular weights, polydispersities and degrees of 
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branching (see Table 3) permits to evaluate the influence of the alkyl chain length. The polyether 
with the shortest alkyl chain length (hbPHMMMO) exhibits the highest Tg (-30 °C), and the 
polymer with the longest alkyl chain length (hbPHMMMO) the lowest Tg (-51 °C), as expected. In 
comparison to PEHO, the Tgs of hbPHMMMO, hbPHMPMO and hbPHMHMO are considerably 
lower (Tg (PEHO): 54 °C48). Also PHMO exhibits higher glass transition temperatures (Tg (PMHO): 
15 °C)51. To the best of our knowledge, the Tgs listed in Table 3 represents the lowest values for 
hyperbranched polyoxetanes reported to date. We attribute this to the flexibilizing effect of the 
alkyl end groups.  

Table 3: Glass transition temperatures of hbPHMMMO, hbPHMPMO and hbPHMHMO with 
molecular weights, polydispersities and DB.  

 

 

 

 

 

 

 

 

 

a: determined by SEC after functionalization with TFAA (THF, PS-Std.) in g mol-1, RI detector. b: determined from IG 13C 
NMR spectra after functionalization with TFAA, in %, c: determined by DSC in °C, heating rate: 10 °C from -70 to 50 °C, 
second heating phase. 

Besides DSC measurements, the solubility of all polymers in different solvents has been investi-
gated. Even though hyperbranched polyoxetanes exhibit higher solubility than their linear 
homologues13, they are soluble in a few solvents only, such as cresol30 or, depending on the 
degree of branching, in DMSO.52 Table 4 lists the results of a comprehensive study of the 
solubility of hbPHMMMO, hbPHMPMO and hbPHMHMO in different solvents. To this end, 
sample 4, 5 and 9 were chosen, because of their similar molecular weights, polydispersities and 
degrees of branching. 

The hydrophobic polyoxetanes show good solubility in pyridine. With growing alkyl chain length 
solubility increases, rendering hbPHMHMO (sample No. 9) soluble in DMF. Clearly, variation of 
the alkyl chain length permits tailoring of the solubility. 

Conclusion 

In summary, we present a straightforward two-step synthesis for three novel, hydroxyfunctional 
oxetanes and their cationic ring-opening polymerization to hyperbranched polyethers. The 
resulting polymers hbPHMMMO, hbPHMPMO and hbPHMHMO exhibit degrees of branching 
between 43 and 62% (Mn=500-2500 g mol-1 via SEC). As a key result, with the use of THPE as a 
focal unit under slow monomer addition polymerization conditions, enhanced degrees of 
branching (DB) up to 69% and elevated molecular weights (up to 11200 g mol-1 via SEC) have 
been achieved. This supports the hypothesis that the AM mechanism is preferred under these 
conditions. However, cationic ring-opening polymerizations (CROP) of oxetanes to 
hyperbranched structures are not controllable in the sense that the targeted molecular weights 
can be obtained. 

No. polymer Mn
a PDIa DBb Tg

c 

2 PHMMMO 600 2.50 61.4 -51 

3 PHMMMO 600 1.68 62.1 -49 

4 PHMMMO 1200 1.20 54.2 -30 

5 PHMPMO 900 1.45 52.1 -39 

6 PHMPMO 2000 2.22 43 -30 

7 PHMPMO 2500 1.83 46.0 -24 

8 PHMHMO 1000 2.91 47 -59 

9 PHMHMO 1100 1.33 54 -51 

10 PHMHMO 1400 1.29 60.3 -49 
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Nevertheless, the novel hyperbranched polyoxetanes are interesting materials with respect to 
surface functionalization or biomedical application. Further exploration will be focused on 
kinetic in situ studies of the ROMBP of the novel oxetane-inimers to hyperbranched structures 
and their application as functional, yet hydrophobic surface coatings. 
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