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Abstract 

Abstract 

1.1 English version 

Multifunctional block copolymers offer great opportunities to create and adjust inherent 

material properties for outstanding performances in different fields. However, precise structural 

engineering is required in order to obtain macromolecules with such novel and superior 

properties for a specific application. Based on the promising capabilities of particular 

macromolecules, the introduction of polymer-based strategies in the medical field has been the 

logic evolution tapping the full potential of beneficial properties.  

The concept of polymer nanotechnology has been adopted in this doctoral thesis aiming to 

develop macromolecular solubilizers for hardly soluble materials in the medical context, 

particularly focusing on atherosclerosis. In recent decades, atherosclerosis has emerged as one 

of the most-widespread diseases in the western hemisphere. Around 40 % of the human deaths 

are attributed to the presence of atherosclerotic plaques and their late sequelae. These plaques 

are the direct consequence of a deficient lifestyle. Hence, endogenous materials start to colonize 

the inner arterial walls and consequence dysfunctions. The plaques are complexly composed of 

various endogenous cellular components, fat-rich and mineral substances. In contrast to the 

cellular elements, which are difficult to remove from the biological view, cholesterol and 

hydroxyapatite represent the main target of this work, since they are generally soluble in 

specific media.  

The most established medical treatments for atherosclerosis aim at lowering the blood fat level 

and thus indirectly reducing existing plaques. In this project, a novel approach is attempted by 

targeting the in-situ reduction of arterial plaques by solubilizing the major components of the 

deposits: hydrophobic cholesterol and mineral hydroxyapatite. To this end, different groups of 

multifunctional block copolymers with the inherent ability to absorb these physicochemically-

disparate substances such as cholesterol and ionic components of hydroxyapatite have been 

developed in this thesis. After extracting these constituents of the plaques, micellar entrapment 

would ensure the transport through the circulation system and the natural release from the body 

over the renal excretion pathways.  

Based on the above-mentioned, the designed amphiphilic polymers must present specific 

physical and chemical characteristics: 

- self-assembly into polymer nanoparticles with high micellar stability, 
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- high capacities for cholesterol (and ionic) uptake, 

- cargo particle must be able to penetrate the kidney/bladder barrier – i.e. size < 40 nm. 

 

Summary 

Two families of amphiphilic block copolymers were synthesized including PEG-peptides 

(CHAPTER 2) on the one hand and polyoxazolines (CHAPTER 3) on the other hand. Thereof, 

extensive polymer libraries were developed with varying macromolecular architectures, types 

and compositions in order to optimize their capabilities to solubilize hydrophobic cholesterol 

and mineral hydroxyapatite, respectively.  

A selection of the best polymer architectures and their compositions, particle sizes, 

morphologies and uptake capacities for cholesterol is summarized in the following table (Table 

1.1). The outlined polymers represent the benchmark performance of the respective polymer 

groups developed in this work. 

Table 1.1. Physical and chemical characteristics of multifunctional block copolymers designed in this thesis 

presenting superior cholesterol uptake. 
 

Entry Copolymers 
Morphology of the particles Cholesterol 

uptake 
[wt%] Native particles Cargo particles 

   A3 mPEG113-PGlu12-PLys11(Chol)4.0 16 nm micelles 21 nm micelles 6.3 (1.4) 

   B3 mPEG113-PAsp8-PLys7(Chol)3 > 100 nm particles > 150 nm particles 3.4 (0.3) 

   C4 mPEG42-PAsp14-PLys12(Chol)5 > 200 nm particles > 100 nm particles 5.9 (0.3) 

   D7 mPEG113-PGlu12-PLys11(Cetyl)3.8 n.d. n.d. n.d. 

   E4 mPEG113-PGlu11-PIle28 20 nm micelles 21 nm micelles 14.3 (3.3) 

   N3 PMeOx28-PNonOx10 40 nm micelles 45 nm micelles 16.0 (2.4) 

. .H4 PMeOx40-PHeptadecOx8 12 nm particles 12 nm micelles 5.9 (1.4) 

   L9 PMeOx100-PLinOx5 12 nm particles 14 nm particles 10.4 (2.1) 

   F3 PMeOx46-PBuOx6(Chol)0.8 10-30 nm micelles 30-60 nm particles 23.5 (4.4) 

   G4 
PMeOx62-PynOx18(COOH)18- 

PBuOx11(Chol)2.1 
10 + 60 nm particles 15-20 + 100 nm particles 8.4 (0.6) 

Overall, the polyoxazoline family presents more enhanced cholesterol solubilization capacities 

than PEG-peptides, and in addition, they possess easier synthetic control and analytical 

practicability. The maximum cholesterol uptake of 23.5 wt% has been reached by the polymer 

composition PMeOx46-PBuOx6(Chol)0.8 (F3), falling into the same range as established drug 

delivery systems between 10 and 40 wt%. However, it has to be noted that specific preparation 

protocols are still required for the incorporation of pharmaceutical compounds to reach such 

drug loading values.  
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Once the affinity of these different polymer structures for cholesterol uptake has been evaluated, 

the interactions between specific macromolecules with calcium phosphate minerals was 

investigated in CHAPTER 4. Initially, the maximum adsorption capacity for calcium ions was 

generalized by potentiometric titration exhibiting the favorable carboxylate-containing polymer 

structure of mPEG-PAsp33 with the highest calcium uptake (0.68 Ca2+/COO–). Next, dissolution 

experiments revealed the polymers ability to solubilize and adsorb calcium ions from the crystal 

lattice of hardly-soluble hydroxyapatite minerals up to 0.30 Ca2+/COO– in case of mPEG113-

PGlu12-PLys11(Chol)4.0 (A3). Ultimately, hydroxyapatite crystallization was investigated in the 

presence of selected polymer structures revealing the polymers ability to significantly delay the 

nucleation of the calcium phosphate phase and therefore qualifying them as potential 

macromolecular additives for scale inhibition. 

In order to gain detailed knowledge on the behavior of selected polymer structures under 

realistic systems, CHAPTER 5 highlights the interactions with different biological environments. 

First, cytotoxicity assays were carried out for representative polymer structures but no negative 

impact of the polymers onto liver and kidney cells physiology was found. Second, the behavior 

of the fluorescent-tagged polymer mPEG113-PGlu12-PLys11(Chol)1.5(RhoB) (A2) was 

investigated inside living liver and kidney cells. The uptake mechanism and the cellular 

distribution could be deciphered, and most importantly, the ability of the polymer for 

cholesterol uptake inside the living cells could be visualized with FLIM/FRET techniques. 

Ultimately, in-vivo experiments in mice revealed the biodistribution of polyoxazoline-based 

nanoparticles, labeled with a radionuclide, in the whole body after injection. Initially, the 

polymer nanoparticles accumulate in the bladder but after 150 minutes they are almost 

completely removed via the renal excretion pathway. This biodistribution experiment 

confirmed the general approach of this project, in particular the exit of the polymer of the body. 

In summary, in this chapter it has been demonstrated the general capacity of the polymers to 

solubilize cholesterol inside living cells under physiological environments and their natural 

evacuation from the organism. However, further work is still needed to accurately define the 

endogenous cholesterol uptake from atherosclerotic plaques within living organisms.  

In the course of developing the polyoxazoline-based multifunctional block copolymers in 

CHAPTER 3, triblock copolymers with distinct segments of pendant alkyne and olefin moieties 

have been synthesized. These triblock copolymers were orthogonally post-modified with 

various chemical functionalities in CHAPTER 6. Herein, the development of a modular ‘tool-

kit’ is presented and some potential applications of the specifically functionalized 

polyoxazoline polymers in various fields. Two major groups were introduced to the polymer 
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backbones. On the one hand, gluing units such as thiols, catechols, alkoxysilanes, carboxylates 

and amines for the interaction with inorganic systems and on the other hand, small molecules 

to equip the surfaces with new functionalities such as charges, hydroxyl groups and 

fluorescence dyes. Some of those ‘tool-kit’ polyoxazoline structures presented in this chapter 

were demonstrated to anchor on the surfaces of inorganic materials such as gold and iron oxide 

nanoparticles. As a consequence, the development of this modular ‘tool-kit’ originating from 

orthogonal post-polymerization modification of polyoxazolines opens widespread possibilities 

for the use of these polymers as surface modifiers and particles stabilizers beyond medical 

fields.  
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1.2 German version 

Multifunktionelle Block Copolymere besitzen ein sehr großes Potenzial, um spezifische 

Materialeigenschaften zu erzeugen, die aufgrund ihrer einzigartigen Fähigkeiten in einem 

breiten Anwendungsspektrum zum Einsatz kommen können. Für die Identifizierung solcher 

Hochleistungspolymere und deren Ausrüstung mit neuen und kompetitiven Eigenschaften ist 

eine präzise Konzeption von chemischen Strukturen erforderlich. Aufgrund der 

vielversprechenden Eigenschaften dieser makromolekularen Systeme war die Einführung von 

Polymer-basierenden Strategien nur eine Frage der Zeit, um das komplette Potenzial auch im 

medizinischen Bereich auszuschöpfen.  

Daher wurde auch das Konzept der makromolekularen Nanotechnologie in dieser Doktorarbeit 

adaptiert. Das Hauptaugenmerk lag hierbei auf dem Ziel, höher-molekulare Lösungsvermittler 

zum Auflösen von schwerlöslichen Materialien zu identifizieren und deren Einsatz im 

medizinischen Anwendungsgebiet, insbesondere im Bereich der Atherosklerose, zu evaluieren. 

Dies hat besondere Brisanz, da sich das Krankheitsbild in den letzten Jahrzehnten als häufigste 

Todesursache in der Westlichen Hemisphäre entwickelt hat. Etwa 40 % der jährlichen 

Todesfälle können auf die Anwesenheit von atherosklerotischen Plaques und deren Spätfolgen 

zurückgeführt werden. Solche Plaques bilden sich in direkter Folge von mangelhaften 

Lebensgewohnheiten an der Arterienwand und verursachen diverse Fehlfunktionen. Die 

atherosklerotischen Plaques sind äußerst komplex und stark unterschiedlich zusammengesetzt. 

Sie bestehen aus einer Vielzahl zellulärer Bestandteile sowie fettreicher als auch mineralischer 

Substanzen. Im Gegensatz zu den zellulären Elementen, deren Abbau aus biologischer Sicht 

mit großen Herausforderungen verbunden ist, wird in dieser Arbeit das hydrophobe Cholesterin 

sowie das mineralische Hydroxyapatit anvisiert, zumal diese beiden Substanzen prinzipiell 

unter spezifischen Bedingungen löslich sind. 

Die best-etablierten Behandlungsmethoden bei Atherosklerose zielen meist auf die Absenkung 

des Blutfettspiegels ab, wodurch die vorhandenen Plaques über komplex zusammenhängende 

Gleichgewichtsreaktionen indirekt reduziert werden. Im Gegensatz dazu befasst sich diese 

Doktorarbeit mit dem innovativen Ansatz, diese Plaques direkt zu adressieren und abzubauen, 

indem die Hauptbestandteile Cholesterin und Hydroxyapatit gezielt aufgelöst werden. Das 

beinhaltet die Entwicklung von multifunktionellen Block Copolymeren, die aus einzelnen 

Domänen von konträren chemischen Eigenschaften bestehen und daher die Fähigkeit besitzen 

sollen, die Zielsubstanzen wie z.B. hydrophobes Cholesterin und ionische Moleküle zu 

extrahieren und zu komplexieren. Unter der Voraussetzung von thermodynamisch-stabilen 

Assoziaten können die abgebauten Substanzen dann über den Blutkreislauf hin zur Niere 
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transportiert werden, von wo sie über den renalen Ausscheidungsweg den Körper verlassen 

sollen. Aufgrund dieser Zielsetzungen sollen die konzipierten amphiphilen Makromoleküle 

folgende physikalische und chemische Charakteristika erfüllen: 

- Selbstanordnung zu polymeren Nanopartikeln mit hoher mizellarer Stabilität, 

- hohe Aufnahmekapazität für Cholesterin (sowie ionische Substanzen), 

- Partikeldurchmesser unterhalb von 40 nm, um die Blut-Harn-Schranke zu passieren. 

Zusammenfassung  

In dieser Arbeit wurden zwei grundsätzliche Struktur-Kategorien von amphiphilen Block 

Copolymeren synthetisiert, die aus chemischer Sicht eigene Polymerfamilien darstellen. Dabei 

handelt es sich einerseits um PEG-Peptide – beschrieben in KAPITEL 2 – und andererseits um 

Polyoxazoline, die in KAPITEL 3 beschrieben werden. Innerhalb dieser Polymerfamilien 

wurden umfangreiche Polymerbibliotheken erstellt. Über die Variation der Architektur, des 

Typs sowie der makromolekularen Zusammensetzung konnten die inhärenten Eigenschaften 

dieser Block Copolymere für eine erhöhte Aufnahme von hydrophoben Cholesterinmolekülen 

sowie von mineralischen Bestandteilen aus Hydroxyapatit optimiert werden. Die folgende 

Tabelle (Table 1.2) beinhaltet eine Auswahl bevorzugter polymerer Architekturen, deren 

Zusammensetzung, Partikelgröße, Morphologie, sowie die jeweilige Aufnahmekapazität von 

Cholesterinmolekülen. Die dargestellten Polymere sind die vielversprechendsten Vertreter ihrer 

strukturellen Untergruppe und zeigen die besten Leistungsmerkmale. 

Table 1.2. Physikalische und chemische Charakteristika der vielversprechendsten multifunktionellen Block 

Copolymere, die in dieser Arbeit entwickelt wurden. 
 

Eintrag Copolymere 
Morphologie der Polymerpartikel Cholesterin 

Aufnahme 
[wt%] Unbeladene Partikel Beladene Partikel 

   A3 mPEG113-PGlu12-PLys11(Chol)4.0 16 nm Mizellen 21 nm Mizellen 6.3 (1.4) 

   B3 mPEG113-PAsp8-PLys7(Chol)3 > 100 nm Partikel > 150 nm Partikel 3.4 (0.3) 

   C4 mPEG42-PAsp14-PLys12(Chol)5 > 200 nm Partikel > 100 nm Partikel 5.9 (0.3) 

   D7 mPEG113-PGlu12-PLys11(Cetyl)3.8 n.d. n.d. n.d. 

   E4 mPEG113-PGlu11-PIle28 20 nm Mizellen 21 nm Mizellen 14.3 (3.3) 

   N3 PMeOx28-PNonOx10 40 nm Mizellen 45 nm Mizellen 16.0 (2.4) 

. .H4 PMeOx40-PHeptadecOx8 12 nm Partikel 12 nm Mizellen 5.9 (1.4) 

   L9 PMeOx100-PLinOx5 12 nm Partikel 14 nm Partikel 10.4 (2.1) 

   F3 PMeOx46-PBuOx6(Chol)0.8 10-30 nm Mizellen 30-60 nm Partikel 23.5 (4.4) 

   G4 
PMeOx62-PynOx18(COOH)18- 

PBuOx11(Chol)2.1 
10 + 60 nm Partikel 15-20 + 100 nm Partikel 8.4 (0.6) 
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Im Allgemeinen besitzen die Polyoxazoline-basierenden Polymere eine höhere Kapazität für 

die Aufnahme von Cholesterinmolekülen als die PEG-Peptide und sind zudem deutlich leichter 

zu synthetisieren und zu charakterisieren. Die Kapazität der Cholesterinaufnahme konnte mit 

der Polymerzusammensetzung PMeOx46-PBuOx6(Chol)0,8 (F3) auf 23,5 Gewichtsprozent 

maximiert werden, wodurch sie sich mit den gängigen Größenordnungen von etablierten Drug-

Delivery Systemen decken, deren Beladungswerte sich typischerweise zwischen 10 und 40 

Gew.% bewegen. Allerdings bedarf es für die Einbettung pharmazeutischer Wirkstoffe in das 

polymere Trägermaterial aufwendiger Präparationsmethoden, um diese Beladungswerte zu 

erreichen. 

Nachdem die Affinitäten für die Cholesterinaufnahme verschiedener Polymerstrukturen 

identifiziert wurden, konnten die Wechselwirkungen spezifischer Makromoleküle mit 

Calciumphosphat Mineralien in KAPITEL 4 untersucht werden. Dafür wurde die maximale 

Kapazität für die Adsorption von Calciumionen mit Hilfe der Potentiometrischen Titration 

ermittelt, wobei sich das Carbonsäure-haltige Polymer mPEG-PAsp33 als Struktur mit der 

höchsten Calciumaufnahme (0.68 Ca2+/COO–) herauskristallisierte. Des Weiteren wurde die 

Fähigkeit dieser sauren Polymere zur Auflösung von Calciumionen aus dem Kristallgitter 

schwerlöslicher Hydroxyapatit Mineralien untersucht, wobei die makromolekulare Struktur 

mPEG113-PGlu12-PLys11(Chol)4.0 (A3) mit der höchsten Calciumaufnahme von 0.30 

Ca2+/COO– besonders herausstach. Schließlich wurde der Kristallisationsprozess von 

Hydroxyapatit in Anwesenheit ausgewählter Polymerstrukturen untersucht. Dabei zeigten die 

Polymere die Fähigkeit den Nukleationsprozess von Calciumphosphat signifikant zu verzögern, 

weshalb sie prinzipiell als makromolekulare Additive eingesetzt werden können, um 

bestimmten mineralischen Ablagerungen vorzubeugen. 

Die Anwendung ausgewählter Polymerstrukturen unter verschärften und anwendungsnäheren 

Bedingungen im Hinblick auf deren Verhalten in verschiedenen biologischen Umgebungen, 

wurde in KAPITEL 5 untersucht. Zuerst konnten mit Hilfe von standardisierten Alamar-Blue 

Tests etwaige zytotoxikologische Auswirkungen repräsentativer Polymerstrukturen auf die 

Physiologie von menschlichen Leber- und Nierenzellen ausgeschlossen werden. Des Weiteren 

wurde das Polymer mPEG113-PGlu12-PLys11(Chol)1.5 (A2) mit einem Fluoreszenzfarbstoff 

ausgestattet, um dessen Aktivität innerhalb lebender Leber- und Nierenzellen zu untersuchen. 

Dabei konnte der Eintrittsmechanismus in die Zelle sowie die intrazelluläre Ausbreitung der 

Polymerpartikel entschlüsselt werden. Darüberhinaus konnte im Inneren der Zellen die 

Cholesterinaufnahme in die Partikel mit Hilfe der FLIM/FRET Technik visualisiert werden, 
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wodurch die Fähigkeit der Polymere zum Abbau von Cholesterin auch in biologischen 

interessanten Milieus bestätigt wurde. Des Weiteren wurde ein Polyoxazoline-basierendes 

Polymer mit einem Radionuklid ausgerüstet und die in-vivo Verteilung der Partikel innerhalb 

einer lebenden Maus mit Hilfe von radioaktiven Detektionstechniken aufgezeichnet. Direkt 

nach der Injektion verteilten sich die Partikel im ganzen Körper, konzentrierten sich mit 

zunehmender Zeit in der Blase und verließen zum Großteil nach spätestens 150 Minuten den 

Körper über die Blut-Harn-Schranke. Dieses bahnbrechende Experiment unterstreicht die 

grundsätzliche Machbarkeit des zugrundliegenden Ansatzes dieser Doktorarbeit im Hinblick 

auf die erfolgreiche Ausscheidung der verabreichten Substanz. Zusammengefasst konnte in 

diesem Kapitel das Potenzial ausgewählter Polymere zur intrazellulären Cholesterinaufnahme 

sowie deren natürliche Ausscheidung aus dem Körper demonstriert werden. Dennoch sind 

weitere Untersuchungen für den eindeutigen Nachweis von endogenem Cholesterinabbau aus 

atherosklerotischen Plaques an lebenden Organismen notwendig. 

Die Entwicklung der Polyoxazolin-basierenden multifunktionellen Block Copolymere 

(KAPITEL 3) beinhaltete die Synthese von definierten Triblock Copolymeren mit örtlich-

getrennten Blöcken von Alkin und Olefin Einheiten. Das daraus resultierende enorme Potenzial 

dieser vielfältigen Polymerarchitektur wurde daraufhin in KAPITEL 6 durch die orthogonale 

Post-Modifizierung ausgeschöpft, indem eine Vielzahl chemischer Funktionalitäten angebracht 

wurde. Dadurch konnte eine Art modularer ‚Baukasten‘ entwickelt werden, dessen 

Anwendungen in den unterschiedlichsten Bereichen denkbaren sind. Einerseits wurden 

chemische Funktionalitäten, wie beispielsweise Thiol-, Catechol-, Alkoxysilan-, Carboxy-, und 

Amingruppen, als sogenannte Haftvermittler an das Polymer angebracht, die 

Wechselwirkungen bzw. eine Anbindung zu verschiedenen anorganischen Systemen herstellen 

sollen. Andererseits wurden die Polymere durch kleine, organische Moleküle wie z.B. geladene 

Gruppen, Hydroxylgruppen oder Fluoreszenzfarbstoffe modifiziert, sodass diese 

Funktionalitäten der späteren Oberfläche neue Eigenschaften verleihen. Einzelne Polymere aus 

diesem chemischen ‚Baukasten‘ konnten auch schon erfolgreich auf die Oberfläche von 

anorganischen Materialien wie Gold und Eisenoxid immobilisiert werden. Dies repräsentiert 

das enorme Potenzial des modularen ‚Baukastens‘, der über die orthogonale Post-

Polymerisations Modifizierung erhalten wurde, für eine Vielzahl an Anwendungs-

möglichkeiten im Bereich der Oberflächenmodifizierung sowie der Partikelstabilisierung 

gerade auch für medizinische Applikationen.  
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CHAPTER 1 -  General Introduction 

1.1 Atherosclerosis 

In medical terms, atherosclerosis is considered as inflammatory disease that develops over 

decades (Figure 1.1) and might remain undetected until serious health problems occur.1 The 

progressive disease is characterized by the attachment of lipid, fibrous material and cells onto 

the inner surface of the arterial wall. This infiltration initiates inflammatory reactions, whereby 

immune cells accumulate in this lipid-rich region and generate fatty streaks as early stages. This 

regular process is reversible under healthy conditions, but several competitive promoters 

facilitate the irreversible pathway towards the development of fibrous caps, the advanced stage 

of the atherosclerotic diseases. Due to the heterogeneous composition of the fibrous caps, those 

plaques are increasingly vulnerable (unstable). Crumbled pieces of the plaques might break off 

the walls and are released to the arterial lumen, where the blood circulation distributes the 

hazardous chunks throughout all the blood vessels. As a direct consequence, the risk for 

cardiovascular injuries is tremendously high especially clogging of tiny vessels is innately 

possible. The immediate consequences are myocardial infarction and strokes, respectively. 

Additionally, the atherosclerotic plaque formation leads to constriction of the particular blood 

vessel increasing the risk of thrombosis due to the formation of small blood clots.2 

 

Figure 1.1. Schematic representation of the atherosclerotic development.3 A) Fatty streak: Infiltration of the inner 

arterial wall by lipoproteins and immune cells. B) Fibrous cap: Atherosclerotic plaques composed of phase-

separated lipids, proteins and cellular material C) Rupture: Vulnerable plaques release small pieces (red-purple 

sphere) breaking off the wall into the arterial lumen. 
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1.1.1 Cholesterol, LDL und HDL  

Cholesterol is a member of the steroid family and an essential compound in animal and human 

cells. The hydrophobic molecules are present in remarkable quantities in eukaryotic plasma 

cells, where those steroid derivates reinforce the lipid palisade in cell membrane and implement 

unique properties, such as maintaining the fluidity and the diffusion rate of phospholipid 

molecules. Moreover, based on the membrane intercalation of cholesterol molecules the barrier 

stability towards cell membrane permeability of extracellular compounds is significantly 

increased.4 Furthermore, the cholesterol molecule serves as starting material for the endogenous 

synthesis of various steroid derivates, such as steroid hormones and bile acid. Suffering from 

the poor water-solubility, cholesterol molecules are transferred via lipoprotein carriers towards 

the specific organs, cells or into periphery. The most important transporters are low density 

lipoprotein (LDL) and high density lipoprotein (HDL) particles. 

The major carrier for cholesterol in the circulation system are LDL particles, which transfer 

intestinal and hepatic cholesterol to the cells.5 LDL particles represent a heterogeneous family 

of particles with varying sizes, composition, structure and density (1.019-1.063 g/mL). On 

average, about 170 triglyceride molecules, 1600 cholesteryl ester and 600 cholesterol molecules 

form the hydrophobic core that is covered by a monolayer of 700 phospholipid molecules and 

one single peptide, called apolipoprotein B-100. 6 This composition results in particles of 22 

nm size.7 Moreover, lipophilic antioxidants like α-tocopherol, γ-tocopherol, carotenoids, 

oxycarotenoids and ubiquinol-10 are encapsulated in LDL particles in order to prevent 

oxidation events e.g. within the arterial walls.8 The analysis of the cholesterol distribution 

within LDL particles revealed that one third of the molecules is located in the hydrophobic core, 

whereas two thirds have penetrated the surface and hence, cholesterol entities are loosely 

attached onto LDL particles.9  

High density lipoprotein particles are invaluable plasma transporter for hydrophobic cholesteryl 

derivates. On the one hand, HDL ensures the delivery of cholesterol to the cells for steroid 

metabolism. On the other hand, the reverse cholesterol transport from peripheral cells back to 

the liver by HDL is essential, wherein excess cholesterol is degraded by catabolism.10 The 

reverse cholesterol transport is beneficial due to the anti-atherogenic potential that counteracts 

the development of atherosclerosis. The structure of HDL involves particles of 7-12 nm in 

diameter with a hydrophobic core of cholesteryl esters and triglycerides surrounded by a 

monolayer of phospholipids and apolipoproteins (apo), whereof apoA-I is the most outstanding 



Atherosclerosis 

 11 

General Introduction 

component. This tailor-made composition enables the solubilization and the transport of 

unesterified (free) cholesterol molecules, released from cells.11
 

Decades of scientific and clinical investigations have evolved the general consensus that an 

elevated concentration of LDL increases the risk of cardiovascular disease whereas high levels 

of plasma HDL cholesterol are associated with anti-atherogenic effects.12  

1.1.2 Pathogenesis of atherosclerosis  

The appearance of atherosclerotic plaques and their clinical manifestation due to related 

complications is preceded by a dysfunction of the arterial endothelium. This leakiness promotes 

atherogenesis, which is characterized by the infiltration of low-density lipoprotein (LDL) into 

the subendothelial space.13 Within this arterial innermost environment, the LDL particles are 

prone to extensive oxidation and glycosylation and thus induce the risk of cardiovascular 

diseases. The natural response to the elevated lipoprotein concentration triggers the attraction 

of immune cells such as leucocytes towards the LDL-rich domains and provokes an 

inflammatory cascade reaction. In more detail, LDL accumulation induces the upregulation of 

adhesion molecules representing specific binding sites for endogenous immune cells, namely 

P-selectin, intercellular adhesion molecule 1 (ICAM1), and vascular cell adhesion molecule 1 

(VCAM1).14 Once being attached onto the arterial wall, the monocytes differentiate into 

macrophages and migrate into the lipoprotein-rich region in order to ingest and remove LDL 

particles. In detail, apolipoprotein B 100 constitutes the protein part of LDL particles 6 and 

mediates the targeting and docking to LDL receptors of any cellular interface. Amongst others, 

LDL receptors are abundantly present on monocyte-derived macrophage surfaces promoting 

LDL endocytosis via scavenger receptors. This leads to the unregulated uptake and the 

accumulation of oxLDL and glyLDL into macrophages. The large amount of cholesterol 

transported in these lipoproteins is therefore deposited inside the macrophages, resulting in the 

formation of so-called foam cells.  

Until this stage, the lipid enrichment within the arterial wall is reversible (reverse cholesterol 

transport) by the stimulation of cholesterol efflux from the foam cells as natural process. Hence, 

the overloaded cellular cholesterol is subsequently released into the extracellular medium prior 

to the uptake by HDL particles. Cholesterol is then transported within the HDL particles to the 

liver for catabolism prior to the excretion by the body. This anti-atherogenic event is enhanced 

by an elevated HDL plasma level. Most of the cells do not catabolize cholesterol molecules. 

Therefore, cholesterol efflux is the major pathway to excrete excessive intracellular cholesterol 

that is transferred to HDL.11 In more detail, four pathways have been identified including two 
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passive processes (aqueous diffusion and scavenger receptor-mediated) and two active 

pathways based on adenosine triphosphate (ATP) binding cassettes. Furthermore, mouse 

models revealed and weighted the passive and active cholesterol washout with 30 and 70 %.15 

Hereinafter, the passive pathways are highlighted as they constitute potential targeting sites to 

trigger cholesterol efflux. Regarding the passive aqueous diffusion pathway in more detail, the 

bidirectional exchange of cholesterol efflux and influx undergoes a first order kinetic 

equilibrium, which depends on both the concentration of HDL particles and amount of 

expressed cholesterol transporters in macrophages. Eluted extracellular cholesterol is then 

being acetylated, that in fact manipulates this bilateral equilibrium by discharging molecules 

and by encapsulating the cholesterol ester into HDL particle.16 In contrast to aqueous diffusion, 

the second passive pathway is mediated by scavenger receptor. This includes the docking of 

HDL particles onto the cholesterol-loaded macrophages via apolipoprotein A-I ligand.17 This 

peptide ligand is composed of several proline-separated α-helices of altogether 243 amino acids 

including 15 % hydrophobic leucine besides 46 % negatively charged units and 37 % positively 

charged units.18 The chemical rate constants are similar for the docking-promoted cholesterol 

efflux and for the HDL uptake giving rise to the suggestion that both reactions are coupled.19 

The cholesterol transfer is proposed to proceed via “hydrophobic channel” whereas water is 

excluded. The precise understanding of the cholesterol efflux is indispensable for several 

medical strategies that imitate this process in order to trigger reverse cholesterol transport. 

The early stage of atherosclerosis is called the fatty streak. Atherosclerotic development 

continues, if this sensitive interdependency between lipid assembly and removal is disturbed by 

various events such as LDL overloading, absent cholesterol efflux, lack of HDL particles and 

other more complex biological reasons. The further progression of these lipid-rich domains is 

described as fibrous caps, characterized by mature atherosclerotic plaques that are separated 

from the lumen by a cover of smooth muscle cells. These fibrous caps are complexly composed 

of free cholesterol, cholesteryl esters, oxidized lipoproteins, macrophages, apoptotic foam cells, 

T lymphocytes and dendritic cells. The most progressed plaques include the so-called necrotic 

core representing a remarkable area in the vulnerable atherosclerotic plaque. This region is 

composed of large free cholesterol compartments (including cholesterol crystals), a small 

amount of cholesteryl esters, numerous deposits due to calcification, macrophage remnants and 

cellular debris.13 The stability of the atherosclerotic lesion depends on the clearance rate of 

apoptotic cells. Failed removal of necrotic material reduces the stability and enhances the risk 

of rupture.14 Additionally, the vulnerable fibrous plaques are prone to rupture due to the 

microphase separation of all loosely attached compounds that are embedded in elastic fibrous 
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and collagen fibers. Moreover, activated macrophages and activated smooth muscle cells within 

the plaques secrete proteolytic enzymes, which fracture and slice the conglomerate and thus 

dramatically increase the risk of plaque rupture.  

Once one of the highlighted risk factors has induced plaque rupture, the released crumbles 

constitute serious health problems for the circulation system as they potentially clog tiny 

arteries and cause myocardial infarction or stroke. 

 

1.1.3 Mineral calcium content 

Beside the lipid accumulation, the deposit of poorly watersoluble, inorganic salts such as 

calcium phosphates constitute a further major component of the arteriosclerotic plaques, which 

has been promoted by the accumulation of calcifying vascular cells within the arterial wall.20 

Vascular osteoplastic cells serve as bone-building cells and circulate in human blood. These 

osteoplastic bone cells are mostly composed of collagen and calcium-phosphate precursor 

substances, which then locally form bone material, for instance after bone fractures as a result 

of their intrinsic purpose. Demer and coworkers revealed that vascular osteoplastic cells 

differentiate into calcifying vascular cells, induced by oxidative stress.21  

 

Figure 1.2. Density-dependent color SEM record and electron-dispersive X-ray spectroscopy of representative 

parts of atherosclerotic plaque present in the aortic valve.22 Reprinted with permission of Nature Materials. 



Atherosclerosis 

 14 

General Introduction 

They found furthermore that those cells were morphologically changed under the exposure of 

oxidative stress, which results in an attachment at the arterial inner surface. Once being 

accumulated within the arterial environment, the differentiation process leads to the co-

existence of bone cells, which spontaneously calcify to mineral calcium phosphate such as 

hydroxyapatite.23 Bertazzo et al. examined these calcified materials from cardiovascular tissues 

of valves, aortae and coronary arteries (Figure 1.2) and detected highly crystalline, spherical 

particles of hydroxyapatite, which are significantly different to bone material with respect to 

the structure and crystallography.22 To this end, mineral calcium deposits represent a non-

negligible element of coronary arteriosclerosis and thus they are supposed to enhance the risk 

of myocardial infarcts.24 

 

1.1.4 Medical strategies for atherosclerotic treatment 

a) Conventional pharmacologic approaches 

Well-established medical strategies against the atherosclerotic dysfunction have been 

successfully applied over the past 30 years that mostly pursue the lowering of lipid LDL plasma 

levels. Preventive approaches address the avoidance of risk factors combined with 

pharmaceutical treatment of disorders in lipid metabolism. The most important applications are 

statins, fibrates and nicotinic acids, ACE-blocker etc. which decrease cholesterol levels, 

triglyceride levels and high blood pressure, respectively. All above-mentioned strategies 

sensitively influence the endogenous equilibria in a passive fashion and finally aim to lower the 

lipid blood levels. It is noteworthy that out of all lipid-lowering drugs, the statin family 

represents the most effective pharmaceuticals that reduce mortality arising from coronary heart 

diseases up to 30%.25, 26 Moreover, the cholesterol lowering effect of statins leads to diminished 

plaque rupture due to improved atherosclerotic plaque stabilization. However, statins suffer 

from side effects and they are ineffective against preventing cellular uptake of oxLDL and 

stroke suppression.22, 27  

Invasive therapeutic methods for advanced stages of the atherosclerotic event include the 

implantation of coronary-artery stents or grafting of bypasses to stabilize or to bridge the 

affected artery, respectively.  
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b) Nanomedical and polymer-based approaches 

Major drawbacks of traditional pharmaceutical approaches by nature include barriers like drug 

solubility, the enzymatic opsonization, renal excretion and clearance by body inherent filters 

(liver, kidney, lymph nodes).28 Inherent properties of stabilized nanomaterials principally 

overcome those hurdles with regard to drug solubilization, stealth effect and prolonged 

circulation time. For instance, polymeric micelles represent attractive scaffolds as carriers for 

pharmaceutical compounds, since they are stable towards agglomeration and they resist protein 

interactions due to the presence of flexible and hydrophilic corona-forming chains. These 

inherent characteristics by nature decelerate the clearance rate. New experimental strategies are 

based on the detailed knowledge about the formation of atherosclerosis. Therefore, specific 

components of the inflammatory lesion such as cytokines, macrophages, smooth muscle cells 

(SMCs), calcium deposits, thrombi and the interaction between HDL and LDL are targeted. 

Exemplary highlights of different nanomedical and polymer-based strategies for atherosclerotic 

treatment and potential targeting sites are given below.29  

In general, passive targeting of the affected arterial sections is possible due to the locally 

changed conditions. Similar to cancerous tumor development, the atherosclerotic growth 

requires an increase of nutritional and oxygen supply. Therefore, endothelial cells proliferate 

and change the cellular topography in order to enhance permeability and retention effects and 

to promote accumulation, which fundamentally allows the passive targeting.30 Since the 

atherosclerotic progression includes several development stages, various therapeutic strategies 

have been evolved to create atheroprotective effects (Figure 1.3).  

The vascular endothelium represents one general target, which is a highly differentiated cellular 

monolayer present in the entire cardiovascular system and of special interest, it is located 

between the circulating blood and the growing early-stage plaques (Figure 1.3, A2). Affected 

by inflammatory reactions, the endothelial cells counteract by the expression of cellular surface 

ligands for the recruitment of circulating inflammatory cells.29 As described above, endothelial 

LDL accumulation upregulates the expression of cell adhesion molecules (CAM), which can 

be used as promising targeting site. For instance, phage display-derived peptides with a 

predominant basic amino acid sequence of VHSPNKK as binding motives have been identified 

as appropriate ligands to target CAM receptors.31 
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Figure 1.3. Schematic overview of the different stages of atherosclerotic progression (A, 1-6) and potential 

targeting sites for nanomedical strategies (B-E). 14 (1) At leaky endothelial walls, LDL particle penetrate the 

subendothelial space, where oxidation occurs (oxLDL). (2) The upregulation of adhesion molecules by oxLDL 

induces the infiltration with leukocytes. (3) Endocytosis of oxLDL by macrophages and formation of foam cells. 

(4) Further accumulation of lipids and immune cells. (5) Apoptotic cells lead to plaque destabilization. (6) Plaque 

rupture due to vulnerable fibrous cap exposes the material to the bloodstream. Reprinted with permission of 

Elsevier. 

Moreover, selectin receptors (E- and P-selectin) also constitute principal targets although their 

cell surface density is low and they are present on many cellular surfaces, not only in 

atherosclerotic hot spots. However, imaging 32 and targeting 33 strategies have been developed, 

wherein P-selectin antagonists have been identified via phage-display including an acidic 

binding motive with a sequence of CLVSVLDLEPLDAAWLC. 

Targeting monocytes and monocyte-derived macrophages is a promising approach, since 

monocytes majorly progress the atherosclerotic development by attaching to the endothelial 

wall during the inflammatory event and thereof, trigger escalation of the diseases. Several 

strategies have appeared including the genetically manipulated knock-down of monocyte 

surface receptors.34 For instance liposomal siRNA delivery intervenes with leucocyte 
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recruitment in order to stop the endothelial accumulation, which subsequently reduce 

macrophage encapsulation of the lipids (Figure 1.3, B). Iverson et al. have introduced 

amphiphilic block copolymers and have demonstrated the inhibition of oxLDL particle uptake 

by inflammatory macrophage cells.35 

The topographic alteration of the endothelial cells facilitates the permeability and allows 

particles to enter the subendothelial environment. Naturally, HDL particles penetrate this region 

in order to mediate cholesterol efflux and to reverse cholesterol transport. Many strategies have 

evolved, based on the idea to mimic HDL particles (Figure 1.3, D) by using either formulations 

of the natural HDL components (basically cholesteryl esters, triglycerids, phospholipids, and 

lipoproteins like apo A-I), or by using modified substances, which imitate the natural ones. 

For instance, different low molecular, amphipathic peptides of 18 amino acids, which mimic 

apolipoprotein A-I (the major protein of HDL) were combined with phospholipids to form 

stable HDL-like complexes. It was found that these synthetic HDL particles promote 

cholesterol efflux from macrophages, but only if the structural motives consist of a proline-

separated bihelical architecture, which is closely related to the multiple helical structure of 

apo A-I.36 Additionally, HDL-mimicking aggregates were prepared from low-molecular, 

glutaraldehyde cross-linked polyethyleneimine chains as acid-labile scaffold, phospholipids 

and cholesterol for the stabilizing shell combined with apo A-I ligands. The encapsulation of 

micro ribonucleic acid (microRNA) into the synthetic HDL particles has successfully triggered 

cholesterol efflux from macrophages after the cellular uptake and the subsequent RNA 

release.37 Moreover, HDL-mimicking approaches based on gold nanoparticles have been 

developed, which are coated with mono- and bilayers of phospholipids and ApoA-I. Those 

particles mediate cholesterol efflux from macrophages and the binding capacity of fluorescent 

7-nitro-benz-2-oxa-1,3-diazoyl-4-yt (NBD) cholesterol has been identified.38 Beside the 

synthetic HDL constructs, amphiphilic block copolymers have been applied as well to induce 

cholesterol efflux.39 

In fact, incomplete removal of necrotic material enhances the risk of rupture (Figure 1.3, E). As 

an approach to that, the delivery of anti-inflammatory and pro-resolving drugs is applied to 

liposomal encapsulated dexamethasone, in order to induce the clearance of the apoptotic cells.40 

Also various polymer-based ideas have arisen in order to target vulnerable plaques, especially 

the macrophages, but those strategies are still at the very beginning.41 
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Besides targeting atherosclerotic lesion directly, further approaches include the inhibition of the 

PCSK9 peptide. This peptide selectively blocks LDL receptors and thus the presence of LDL 

receptors is diminished. Since LDL receptors represent the natural protagonist to scavenge LDL 

particles and to decrease elevated LDL blood levels by endocytotic digestion, the presence of 

PCSK9 is counter-productive. After the coordination of PCSK9 to the LDL receptors, the 

resulting PCSK9-LDL-receptor complex is being subsequently metabolized in the liver, 

resulting in a significant decrease of the number of LDL-receptors. The diminished availability 

of LDL-receptors induces elevated and high-risk LDL blood levels.42 Some nanomedicine-

based PCSK9 inhibitors have already entered the clinical phase III.43 

Moreover, imaging of atherosclerotic parts is a crucial task to notice the occurrence of the 

plaques and the resulting risks at first sight, and also to monitor the further development, which 

is the plaque regression in the best case. Several reviews describe the state of the art of plaque 

imaging methods.44 The most promising approaches include the application of magnetic 

nanoparticles as non-invasive contrast agents to monitor and to evaluate different stages of the 

atherosclerotic processes based on the superparamagnetic properties.45-47 

 

c) Approaches aiming at the direct cholesterol dissolution 

Addressing the direct dissolution of cholesterol represents the basic principal in many fields. 

For instance gallstone formation is another unfavorable incident, which occurs by uncontrolled 

crystallization of cholesterol and steroidal derivates, mainly bile acid. Medical treatment ideas 

focus on the direct cholesterol dissolution, i.e. by oral administration of bile acid formulations 

or ursodeoxycholate–lecithin solutions for gallstone dissolution.48,40 Such strategies were 

shown to be ineffective and disappointing potentially due to the repulsion of negatively charged 

cholesterol crystals of gallstone with negatively charged bile nanoparticles.49 Next, based on 

the assumption that interfacial tensions hinder the gallstone dissolution, surface energy 

reducing drugs were employed and cholesterol dissolution was enhanced in sodium cholate 

solution and ox bile, respectively.50 

This approach has been tried to be transferred to the cholesterol dissolution out of 

atherosclerotic plaques as well including the application of emulsifiers to achieve high levels 

in the systemic circulation that are effective to solubilize atherosclerotic plaque and induce the 

plaque regression.51 Further strategies describe the CO2 laser irradiation for the dissolution of 

atherosclerotic plaques, wherein the laser is guided through intraarterial optical fibres.52 
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Another idea is based on the donation of the chelating agent EDTA (Ethylenediaminetetraacetic 

acid) in chelation therapy for cardiovascular diseases, although this substance is critical in 

cytotoxicological terms.53 However, the successful breakthrough of those strategies is yet to 

come. 

More reliable and scientifically reasonable approaches for the reverse cholesterol transport are 

represented by the application of cyclodextrin (β-CD) to enhance the cholesterol 

solubilization.54 For instance, it has been demonstrated that methylated β-cyclodextrin solution 

(1 millimolar) can liquify cholesterol crystals (1.1 millimolar) under the association of a 

complex of one cholesterol chelated by two CD.55 The cholesterol uptake was found to 

correspond to 3.2 wt% cholesterol absorption at 25 °C and 4.4 wt% at 37 °C, respectively. 

Based on this performance, β-CD derivates have been introduced to the field of atherosclerosis, 

where they promote cholesterol efflux from macrophages.56, 57 The studies of Latz and 

coworkers on the direct solubilization of cholesterol deposits are promising in the 

atherosclerotic field.58 The oligosaccharide 2-Hydroxypropyl-b-cyclodextrin (CD) was used for 

solubilization of endogenous cholesterol crystals (CC) with the potential to prevent and reverse 

atherosclerosis. In more detail, applying CD in in vivo experiments in murine atherosclerosis 

results in reduced atherosclerotic plaque size and thus CD promotes reverse atherosclerosis 

regression even if the animal diet is continuously cholesterol-rich.  

To summarize, based on the several stages of the atherosclerotic progression, various 

nanomedicine-based atheroprotective strategies have been developed that mediate cholesterol 

efflux and plaque regression as well.14 Among them, polymeric nano-assemblies provide a 

valuable possibility for developing new approaches to manage the disease and have the large 

potential to renew atherosclerotic therapies.59,60 Furthermore, increased levels of high density 

lipoprotein (HDL) correlate with reverse cholesterol transport,2 and hence HDL mimicking 

approaches have arised.36-38, 61 For instance, synthetic HDL particle based on gold 

nanoparticles38 but also amphiphilic block copolymers29 were demonstrated to successfully 

promote cholesterol-efflux from macrophages and absorb the released cholesterol.  
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1.2 Block copolymers  

1.2.1 Background 

The way of incorporating of two monomers with different chemical nature into one linear 

polymer chain creates possibilities to obtain varying polymer architecture (Figure 1.4).  

 

Figure 1.4. Common polymer architectures with two chemically different monomers. 

Linear diblock copolymers of the AB type consist of allied polymer segments with a different 

chemical nature, each obtained by polymerization of only one specific monomer. In many cases, 

block macromolecules consist of a non-interacting block to introduce solubility which is 

interlinked with a sticking block in order to achieve interaction to targeted substances. Thereof, 

different combinations are possible, for instance double hydrophilic block copolymers (DHBC) 

and amphiphilic block copolymers. DHBCs involve the combination of two watersoluble 

blocks, whereby one segment mediates dissolution and the other exhibits chemical 

functionalities in order to interact with substrates.62 In contrast to DHBC, amphiphilic diblock 

copolymers have a large solubility difference of the single segments. One water soluble block 

is combined with a water insoluble segment, thus resulting in a macromolecule with opposite 

affinities in aqueous environment.63 Since amphiphilic block copolymers behave comparably 

to low molecular weight surfactants, they can be classified as macromolecular surfactants.62  

 

1.2.2 Self-assembly  

The distribution of two physicochemical disparate monomers into two separate entities results 

in the intrinsic property of amphiphilic block copolymers, characterized by self-assembling 

process of single unimers into polymeric particles with hydrophobic cores and hydrophilic 

corona in aqueous dispersions. The major driving force for polymeric assembly into particles 

is characterized by the phase separation of the amphiphilic chain into a hydrophobic core and 

hydrophlilic corona during water squeezing. Based on this process, optimized intermolecular 

interactions including electrostatic interactions, dispersion forces, hydrophobic interaction, 

hydrogen bonding, etc. promote the core segregation.63 Additionally, the hydrophobic effect is 

entropically-driven and promotes micellization in terms of avoiding hydrodynamic cages 

around the hydrophobic segments.64 Moreover, the hydrophilic corona stabilizes the 
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hydrophobic cores based on the preferable interaction between the watersoluble segments with 

water molecules compared to the polymer-polymer interaction, itself.65  

This self-assembled micellization depends on a minimum polymer presence and is 

characterized by the critical micelle concentration (cmc). Single unimer chains are oriented at 

the air-water interface below the cmc, whereas additionally added unimers form polymeric 

micelles above the cmc. Beside the nature of the polymer segments, their architecture 

essentially affects the morphology of the self-assembled polymeric objects, especially the ratio 

between hydrophilic and hydrophobic parts (Figure 1.5).65  

 

Figure 1.5. Influence of the block copolymer architecture on the particle geometry after self-assembly, also 

showing the packing parameter p.65 Reprinted with permission of Elsevier. 

 

The packing parameter p considers the relative sizes of the disparate blocks and allows the 

estimation of the objects geometry, e.g. spherical, cylindrical and sandwich-like nanostructures, 

respectively.66 As general trend, an increased hydrophilic to hydrophobic ratio decreases the 

cmc, resp. critical aggregation concentration (cac). In contrast to common surfactants like 

sodium dodecyl sulfate, the critical micelle concentration of macromolecular amphiphiles is 

extremely low (10-2 vs 10-6 mol/L).67 Additionally, the intermicellar exchange kinetics of single 

chains is slower compared to small surfactant molecules, leading to kinetically-frozen 

structures. Nevertheless, single chain exchange and micelle fusion represent two mechanistic 

pathways for micellar growth and changes in micelle size and structure (Figure 1.6).68 Due to 

the high energetic barrier of micelle fusion, single chain exchange is favorable. 
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Figure 1.6. Micellar growth mechanisms including single chain exchange (a) and micelle fusion (b).68 Reprinted 

with permission of Nature Communications. 

Common representatives of amphiphilic block copolymers are PEGylated macromolecules 

composed of watersoluble PEG segments and hydrophobic segments of polylactic acid (PLA) 

and polystyrene (PS), respectively. In water, those block copolymers form micelles such as 

PEG52-PLA56 (31 nm micelles, cmc = 0.4 x 10 -6 M) 63 and PEG155-PS17 (10 nm micelles, cmc 

= 0.3 x 10 -6 M) 69. 

Polymers with charged segments such as double hydrophilic block copolymers also have the 

potential to self-assemble into core-shell separated associates in the presence of another, 

oppositely-charged substance. For instance, polyplex micelles prepared from u-cholesteryl 

PEG-polycation block copolymers are used for systemic gene delivery 70, and polyion 

complexes (PICs) micelles of PEG-polycations for plasmid DNA delivery 71. A particular 

example was introduced by the Kataoka group applying two oppositely-charged 

polyelectrolytes as PIC micelles,72 where disparate charges constitute the core and non-

interacting hydrophilic segments build the corona. For instance, the pair of oppositely-charged 

block copolymers of mPEG113-PLys18 mPEG113-PAsp19 forms well-defined PIC micelles of 

15 nm in diameter with a very narrow polydispersity (µ2/Γ
2 < 0.1). These PIC micelles 

potentially represent vehicles for charged compounds, e.g. proteins and nucleic acids, in the 

field of drug delivery.72 
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1.2.3 Structural characterization of particle dispersions 

Amphiphilic block copolymers tend to self-assemble into polymeric associates in water with 

phase-separated hydrophobic domains that are surrounded by hydrophilic palisades in order to 

reduce interfacial tensions. As discussed above, the polymer architecture and composition 

essentially affect the morphology of the polymer associates that range typically in the 

nanometer scale. Possible occurring phenotypes are given by micelles, vesicles and elongated 

cylinders. It is obvious, that adequate and proper characterization of particle dispersions is 

indispensable in order to obtain reliable data sets having relevant translational validity. Various 

analytical techniques are available to investigate the nanoobjects, which have inherent strengths 

but also suffer from deficiencies, as introduced and discussed in the following sections. 

Dynamic light scattering (DLS) represents a nano-particulate size-measuring tool, which is 

usually characterized by quick, simple, and reproducible measurements. DLS measurements 

include the detection of the time-dependent fluctuations of the scattered light intensity to 

determine the diffusion coefficient D from the Stokes-Einstein equation. This fluctuation is 

translated into the autocorrelation function and the cumulative evaluation provides general 

information about hydrodynamic size and polydispersity of the nanoparticles.63 The obtained 

DLS data of spherical and highly monodisperse (µ2/Γ
2 < 0.1)72 particle systems are reliable.  

 

Figure 1.7. Influence of the intensity-weighted particle size. DLS measurement of a binary mixture of 10 nm and 

80 nm silver nanoparticles in different compositions.73 This Open Access article permits all non-commercial use, 

distribution, and reproduction in any medium. 
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In contrast, the presence of a bimodal size distribution complicates the evaluation and the need 

of other analytical techniques is indispensable to classify the DLS values. This arises from the 

innate obstacle in DLS analysis of the incident light scattering, that is proportional to the 6th 

power of the particle radii.74 This relationship simulates an overestimated presence of large 

particles, which might not exist in reality, as illustrated in the example of the binary mixture of 

silver nanoparticles (10 and 80 nm) with increasing presence of the 80 nm species (Figure 

1.7).73 

As an approach to this, the volume- or number-weighted distribution is supposed to reveal more 

realistic proportions, however, the assumption of spherical particles with consistent and 

homogenous densities, often leads to diminished particle sizes. 

 

The Zeta potential describes the remaining potential on the particle surface after moving the 

colloid in an electric field.75 In more detail, charge-stabilized particles possess a contrary 

charged shell (stern layer), which itself has a second shell (diffuse layer) neutralizing together 

the particle surface charge with radial decay. Once the particle is moved by applying electric 

forces, the ionic cloud surrounding the particle is slipped away resulting in a boundary, namely 

shear plane, which leads to charge differences, known as Zeta potential (Figure 1.8).76  

 

Figure 1.8. Illustrative situation of charge-stabilized particles, including double layer theory with negatively 

charged surface surrounded by positive charges (stern layer) and a diffuse ionic layer.77 Reprinted with the 

permission of Elsevier. 

Hence it is obvious, that the surface charge of the particle and the extent of the electrical double 

layer affect the zeta potential as well as environmental conditions such as pH and ionic 

strength.78 The zeta potential can be determined by different methods including the 
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measurement of the electrophoretic mobility among others. Therefore, the electrophoretic 

velocity of a charged particle can be determined, which is relative to the dispersing medium in 

an electric field. Since several parameters, including pH, temperature, ionic strength, 

conductivity, concentration and if necessary polymer absorption in the system, influence the 

micro-environmental situation of the surfaces, the zeta potential should be solely regarded as a 

control parameter for monitoring the surface modification and the interactions of charged 

particles for instance.78 Furthermore, Zeta potential measurement is inappropriate for 

pharmacological formulations, containing buffers, peptides, etc.76 Nevertheless, measuring the 

surface charge is quick and simple and provides supporting impressions of the samples, 

although it is limited to model systems. 

 

Critical micelle concentration (cmc) describes the minimum amphiphile concentration that is 

required for the self-assembly into organized structures such as micelles. Below the cmc in 

water, the amphiphiles thermodynamically-driven align at the water air interface for optimized 

phase separation of the contrary functionalities, beside some single molecules that are dissolved 

in the medium. An increase of the amphiphile concentration reduces the space at the water-air 

interface and promotes the organization into amphiphilic assemblies. Considering 

macromolecular amphiphiles, the cmc includes information on physical properties such as the 

thermodynamic stability of polymer micelles.63 Different methods have been established to 

determine the cmc value, for instance measuring the surface tension via Du Noüy ring method 

or the presence of particles via DLS. However, most commonly a solvatochromic technique is 

applied using the fluorescence shifts of the hydrophobic pyrene probes, which are highly-

sensitive towards vicinal polarity differences. Hence, micro-environmental changes are 

detectable like the transition from water to hydrophobic milieu, synonymous the micellar 

uptake of pyrene.79 Hence, the monitoring of pyrene micropolarity and the evolution of 

hydrophobic domains is possible. This is exemplarily demonstrated for block copolymer 

Polystyrene(23)-b-polysodiumascrobate(780) (Figure 1.9, A+B), possessing a cmc value in the 

10-7 M range. In general, small molecular weight surfactants (e.g. SDS) possess cmc values of 

10-3 M, charge-neutral amphiphilic block copolymers of 10-6 M and the cmc’s of charged 

polyionic block copolymers are even smaller.  
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A B 

 
 

Figure 1.9. CMC detection using fluorescent pyrene to probe micro-environmental changes of the polarity. A) 

Excitation spectrum of aqueous polymer dispersion (different concentration 1-8) in the presence of hydrophobic 

pyrene (5 x 10-7 M). B) Fluorescence intensity (I338/I333) plotted against logarithmic polymer concentration.67 

Reprinted with permission of ACS Publications. 

The occurrence of the cmc indicates the self-assembly of single polymer chains into organized 

and thermodynamically-stable structures. Differences in the polymer architectures influence the 

cmc. In fact, an increased hydrophobic to hydrophilic ratio leads to smaller cmc values.67 The 

preparative effort for such measurements is intense (about 4-5 h per polymer), and furthermore, 

some amphiphilic copolymers suffer from a continuous polarity transition, instead of revealing 

a proper and sharp sigmoidal curve (Figure 1.9, B). This is attributed to the increased pyrene 

solubility in the hydrophobic block even before micellization, which might impede the 

determination of an exact cmc value. However, the pyrene probe method is very sensitive and 

only little amount of the polymer is needed for accurate cmc determination.  

Transmission electron microscopy (TEM) constitutes a valuable analytical technique for the 

visualization of nano-particulate systems, since its resolution perfectly matches the size range 

of interest of about 10 - 100 nm. The TEM operation is similar to the basics of light microscopy, 

but using an electron beam instead of visible light, for higher resolution and magnification. The 

most relevant key point is the sample preparation in order to evaluate suitable concentration 

ranges and to minimize drying artefacts. Fulfilling these prerequisites, TEM analysis allows 

local impressions of the sample’s morphology, such as size, shape and dispersity. But this local 

and snipped extracts might affect the general situation, especially when observing novel and 

unknown morphologies. A further critical step deals with the sample preparation. This includes 

the right concentration range of the dispersion, a suitable spotting method and, most 
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importantly, the selection of the exact inspection site of the sample carrier and its crucial 

differences between the middle of the drop and in the outer part – the “coffee-ring”. 

Nevertheless, TEM analysis illustratively provides information about the colloidal population 

and powerfully supports further data gathered by other structural techniques. Moreover, a 

further specialized technique is represented by cryoTEM analysis of the particle dispersions. 

Immediate freeze-drying of the polymer sample using ethane avoids the presence of drying 

artefacts and enables the “frozen life-imaging”. Unfortunately, this technique requires much 

expertise of proper preparation skills, and might suffer from the poor contrast of the polymer 

particles, for instance. 

Analytical ultracentrifugation (AUC) is a powerful fractionating technique for the 

characterization of particle dispersions.80 The centrifugal field (100 - 290000 g) forces even the 

sedimentation of well-dissolved ions and provides reliable information on the particle size and 

shape, polydispersity and modality, etc. Furthermore and of particular interest in this thesis, 

morphological or topological changes occurring due to the incorporation of guest molecules in 

a polymer scaffold and the chemisorption of capping agents onto the particle surface can be 

nicely identified by AUC analysis. 

Sedimentation velocity experiments were used in this work, since the size distribution of 

particle dispersions can be obtained from the sedimentation coefficient distribution. The 

sedimentation coefficient s has the unit seconds and is conventionally represented by 

Svedberg S (1 S = 10-13 seconds). Considering all the physical forces and their interaction in a 

centrifugal field during the sedimentation event, combined with Stokes-Einstein equation, the 

sedimentation coefficient s is expressed by eqn (1), where M represents the molecular weight, 

D the diffusion coefficient, ῡ the partial specific volume, ρs the solvent density, R the gas 

constant and T the temperature.  

𝑠 =  
𝑀𝐷(1 − ῡ𝜌𝑠)

𝑅𝑇
 (1) 

This correlation clarifies that the obtained s distribution depends on the mentioned parameters. 

Morphological modifications of the particles arising from encapsulated guest molecules e.g., 

significantly affect the density and volume and thus lead to changes in the sedimentation 

behavior that can be determined by the s distribution. Therefore, AUC analysis is a powerful 

instrumentation to characterize polymer particle dispersions by comparing the differences of 

the sedimentation coefficient distributions. However, intense and time-consuming 

measurements as well as data processing is the little drop of bitterness of this technique. 
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Small angle X-ray scattering (SAXS) is a well-established technique for the structural analysis 

of macromolecular systems such as polymer latices covering the size range between few 

nanometers up to 500 nm.81 SAXS analysis provides valuable information on the particle 

morphology of the polymer nanoassemblies in colloidal science. Especially, the identification 

of different structural levels exhibits the inner structure of the polymer associates and their 

gradual composition of the distinct entities. The SAXS investigation of polymer dispersions 

yields scattering intensities of the scattering object as a function of the scattering vector q 

resulting in a typical SAXS profile (Figure 1.10).82 The radius of gyration of the nanoobjects 

can be obtained by fitting the natural logarithm of the scattering intensity as a function of the 

scattering vector q2 in the Guinier region. The slope of the curves provides the q value 

containing information about the shape such as spherical, disk-like and cylindrical shaped 

particles. Moreover, the density and roughness of the particle surface can be obtained from the 

Porod region.82-84  

 

Figure 1.10. Exemplary SAXS profile and possible information that could be extracted from the different regions 

of the data.82 This Open Access article permits all non-commercial use, distribution, and reproduction in any 

medium. 

Thus, SAXS analysis is a powerful tool to analyze multiple parameters of a polymer dispersion, 

however, the method is extremely time consuming. 

Further analytical methods for the structural characterization of nanoparticle dispersions are 

represented by particle tracking microscopy (PTM), Taylor dispersion, field-flow fractionation 

(FFF), scanning electron microscopy (SEM), etc. Those analytical techniques were also tested 

in this research, but were not established as standard methods due to the large preparative or 

temporal effort and inappropriate size ranges of the nanoparticles, respectively.  
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1.3 Physicochemical interactions 

The application of nano-sized objects for treatment, monitoring, diagnostics and control of 

biological systems is defined as nanomedicine.85 As already described in chapter 1.1.4, the 

polymer-based nanomedical approach includes many attractive advantages that often overcome 

conventional medical strategies. One of the key characteristics of polymeric drug delivery is 

given by the opportunity to encapsulate the pharmaceutically active compound into the carrier 

scaffold - the drug loading capacity. The inherent interest of maximizing the amount of medical 

cargo requires the fundamental understanding of the physicochemical interactions between 

carrier scaffold and targeted molecules. For the sake of clarity, a selected topic pool of project-

relevant interactions should be considered in detail, being aware of the broad natural spectrum 

of intermolecular interactions that mutually interplay. This includes drug-loading relevant 

interactions between organic polymers with ionic and hydrophobic substances as well as 

interactions of macromolecular polyions with mineral compounds such as calcium phosphates 

that are outstanding by means of stabilization and solubilization of ionic conglomerates. 

1.3.1 Electrostatic interactions 

One dominant force in the interaction of charged matter is referred to Coulomb interactions, the 

strongest among all electromagnetic interactions. The existing potential w(r) for monovalent 

ions depends on electrostatic charges Q (= ze), the dielectric constant ε of the surrounding 

medium that might significantly screen the electrostatic field and correlates with reciprocal 

distance of the single charged compounds (eqn. 2). Furthermore, attractive opposite charges 

increase the Coulomb potential whereas repulsive eponymous charges lead to a decrease.  

             

(2) 

This fundamental correlation can be applied for the description of macromolecular polyions 

interacting with charged atoms and molecules – the physicochemical situation in drug delivery 

systems. In this system, the Coulomb potential includes the attractive contribution of opposite 

charges but also the screening of neighboring charges of the same name, which account for the 

enthalpy contribution. The entropic contribution represents the second term characterizing the 

free energy. For instance, interactions between calcium ions and acidic carboxylates are well 

described in literature.86-89 The group of Antonietti has demonstrated that entropy, not enthalpy, 

is the major driving force for the adsorption of Ca2+ by carboxylate polymers, e.g. polyaspartic 

acid. Thus, the dehydration of COO– and Ca2+ moieties releases 10 ± 2 water-molecules, which 

is substantial free energy to spontaneously form COO-Ca associates.90  
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However, both enthalpy and entropy generally contribute to the formation of ion pairs and thus 

favor the encapsulation of atoms and molecules into polymeric scaffolds. This molecular uptake 

is commonly utilized in drug delivery systems, such as the hydrogel formation composed of 

polyelectrolytes and pharmaceutical compounds. More advanced hydrogels use tailor-made 

formulations including pH-responsive polyelectrolytes including poly(acrylamide) (PAAm), 

poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA), poly(diethylaminoethyl 

methacrylate) (PDEAEMA) and poly(dimethylaminoethyl methacrylate) (PDMAEMA), which 

are switchable at certain pH values or ionic strengths and thus release the pharmaceutical 

cargo.91 Moreover, interpolyelectrolyte complexes of polynucleotides and polycation chains are 

formed due to polyion coupling and are applied in gene delivery systems.92  

The family of double hydrophilic block copolymers represents a prominent system for drug and 

gene delivery due to improved biological and physicochemical properties of the active 

compounds such as stealth effect, increased solubility, targeting and prolonged circulation 

times.62 For instance, block copolymers with non-interacting polyethylene oxide segment are 

combined with negative poly glutamic/aspartic acid or positive poly lysine blocks that can 

complex oppositely charged substances. Therefore, PEG-PGlu and (1,2-diamino-

cyclohexane)platinum(II) 93 or PEG–PAsp/Cisplatin micelles 94 are applied in cancer therapy, 

and PEG-PLys/DNA complexes 95 are used for gene delivery. 

Another remarkable system is the combination of pairs of oppositely charged polyions. Here, 

PEG113-PAsp19 and PEG113-PLys18 were used as antagonists, which form stable polyion 

complexes (PIC) in water through electrostatic interactions. PICs can be principally applied as 

drug delivery vehicles for charged proteins and nucleic acids in order to protect them by the 

PEG palisade.72 

1.3.2 Hydrophobic solubilization 

Since the most pharmaceutical compounds are lipophilic, the major part in drug delivery is 

characterized by the incorporation of hydrophobic drugs into amphiphilic block copolymers 

with hydrophilic and hydrophobic segments. The stroke of genius includes a drastic increase in 

the solubility of the active ingredients due to the presence of the hydrophobic polymer segment. 

For instance, amphiphilic block copolymer composed of PEG-poly(lactic acid) represents one 

of the first generations of drug carrier scaffolds that solubilize 10-20 wt% of lipophilic 

paclitaxel against cancer.96 The quality of the drug loading capacity is mainly the result of 

different contributions – the hydrophobic effect, the high stability of the micellar-trap stage and 

the miscibility between polymers and drugs.29 
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First, the hydrophobic effect represents the fundamental driving force for the phase separation 

into aqueous and lipophilic phases, since the interactions between hydrophobic substances are 

much stronger than with water. The short distance van der Waals forces (w(r) ~ r-6) induce the 

cohesion between the hydrophobic molecules, which are the result of electronic fluctuations 

(London dispersive forces), the presence of permanent molecule dipoles (Keesom forces) or of 

temporary dipole induction (Debye forces). Those van der Waals forces also exist in 

interactions of hydrophobes and water, which are attractive and contribute favorably to free 

energy. However, the rigid formation of a water cage around the hydrophobic molecule is 

necessary, which costs high amounts of free energy due to the entropy reduction. Thus, phase 

separation is favored. According to the hydrophobic effect, the interactions between 

hydrophobic drugs and hydrophobic polymer segment significantly overcome the interaction 

of the drug and water, leading to micellar entrapment.97 Second, the water solubility of the drug 

is dramatically enhanced by the micellar uptake. This micellar inclusion of the pharmaceutical 

compound yields to a minimized energetic level and hinders the de-miscibility. This 

phenomenon promotes the exceptional micellar stability arising from the poor aqueous 

solubility of the lipophilic drug and leads to the physical entrapment in the micelles.98 Third, 

the affinity to loaded lipophilic drug molecule depends on the miscibility of the drug in the 

hydrophobic polymer block. The miscibility can be described by using the Hildebrand-

Scatchard solubility parameter δ, the square root of the cohesive energy density (eqn. 3) with 

the evaporation heat ΔHv, the thermal energy RT and the molar volume Vm.97  

δ = √
ΔHv − RT

Vm
 (3) 

The general tendency was identified that substances with similar Hildebrand parameters δ are 

well miscible and are almost ideal mixtures, according to the fundamental chemical principal 

‘like dissolves like’.99 In addition, the Flory-Huggins theory originally was developed to 

describe the thermodynamics of polymer solutions, which was adapted for micellar drug uptake. 

The mixing parameter χ includes the free energy with entropic considerations, which also takes 

the molecular sizes Vdrug into account as well as the difference of the Hildebrand parameters of 

both polymer segment δpolymer and encapsulated drug δdrug (eqn. 4).97  

χdrug−polymer =  
Vdrug(δdrug − δpolymer)

2

RT
 (4) 
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Low χ-values mean better miscibility of two components. This theoretical consideration has 

been applied to practice by investigating the miscibility of different pharmaceutical compounds 

against cancer and the block polymer PEG-poly(ε-caprolactone).100 The study revealed the best 

miscibility of this polymer and indomethacin, although its hydrophobicity is smaller than those 

of other drugs, according to Hildebrand mixing model. This confirms that the hydrophobic 

effect is not the only important parameter for appropriate drug loading capacities.97 

As summary, the above-mentioned theories on hydrophobic solubilization provide valid 

approximations for good drug loading capacities, however, an accurate investigation of the 

structure property relationships is required for any system in terms of optimization. 

 

1.3.3 Mineral solubilization  

Mineral solubilization is a frequent phenomenon in the field of biofertilization, where 

microorganisms dissolve almost insoluble minerals such as poorly watersoluble crystals of iron, 

calcium, magnesia, phosphates, carbonates, sulfates, nitrates, etc.101-103 The release of those 

ions is crucial for plant growing. Several soil microorganisms were found to solubilize 

significant amounts of phosphate ions from almost insoluble phosphate minerals such as the 

bacteria strain Pseudomonas striata that increases the phosphate concentration to 156 

mg/mL.104 Different mechanisms have been deciphered but the most efficient method has been 

attributed to the development of an acidic micro-environment due to the production of organic 

acids like gluconic acid by the bacteria.105 This acidification induces the drop of the local pH, 

which facilitates the dissolution of mineral phosphates.106  

From biochemical point of view, poorly watersoluble calcium phosphates such as 

hydroxyapatite play a key role in mineralization processes, especially since this inorganic phase 

is one of most important mineral materials in biological systems, e.g. in human bones and teeth. 

Focusing on hydroxyapatite formation, Nancollas and Wu explored and identified the dynamic 

equilibrium processes between crystallization and redissolution of the involved ionic species.107 

The chemical composition of HAP (Ca5(PO4)3(OH)) includes four large anions and five relative 

small cations constructing a hexagonal crystal lattice.108 To destabilize the ionic lattices, 

coulomb forces between those building blocks need to be overcome. The dissolution theory is 

based on a classical system, only taking undersaturation of the surrounding environment into 

account under the assumption that all other parameters stay constant. As mentioned before, 

HAP is highly stable in a neutral water-based environment despite a high concentration gradient 
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of several orders.109 However, as it is the case for many minerals, HAP becomes instable in an 

acidic surrounding. To explain this behavior on a molecular level, the dissolution originates 

from small local surface defects. The terminating lattice site thereby significantly influences 

the interaction with the surrounding environment. Especially the ratio between calcium and 

phosphate is a crucial factor, as it varies depending on the corresponding lattice site. In situ 

investigations with atomic force microscopy revealed pit steps on the (100) HAP surface 

suggesting that only one kind of surface termination exists.110 This was concluded by measuring 

the height of one step and comparing it to the ion distances in the lattice. Over the pH range 

from 6 to 11, it was proposed that phosphate terminated surface exist exclusively. Moreover, 

the HAP dissolution process is also affected by the ionic strength of the solution.110 

The interfacial system of minerals and polymer surfaces interacting with ions has been 

intensively studied. Two decades ago it was already demonstrated that at physiological pH 

(7.4), anionic proteins have a considerably greater influence on HAP crystallization than neutral 

or cationic species.111 Poly-L-aspartate (PAsp) is a prior example, which significantly 

influences the precipitation behavior of calcium phosphate in confined volumes. It was found 

that an amorphous calcium phosphate phase is stabilized by PAsp whereas crystallization is 

inhibited.112 Other groups reported on the directed control of crystal growth during 

mineralization using amino acids.109, 113, 114 PAsp showed a high affinity on all crystal sites, 

whereas PGlu preferably adsorbed on the (001) HAP plane, yielding plate-like morphologies. 

For pure glutamic acid a model adsorption behavior was developed with positive amino groups 

that occupied calcium vacancies on the surface and the negatively charged carboxylates 

occupied vacant phosphate or hydroxyl sites and thus leading to the formation of a structured 

peptide layer on the HAP surface.114  

Antonietti and coworkers observed that polypeptides can mediate dissolution of calcium 

phosphate demonstrating that the dissolution process is triggered by polymers such as PAsp.115 

Thereby after the treatment with the polymer solution of PAsp, the substrate showed deep holes 

puncturing the surface of brushite (010) and not layer by layer dissolution. Furthermore, the 

dependency of dissolution on the molecular weight of the applied polypeptide and thus the 

amount of functional groups affects the dissolution process. Therefore, additives with increased 

chain lengths showed more pronounced effects, indicating that the influence originates from 

the specific polymer architecture and not from the pH change of the solution. In the case of 

BSA (bovine serum albumin), a high molecular weight protein consisting of several hundred 

amino acids, the behavior was similar. In contrast to that, after applying the cationic peptide 
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PLys, which is supposed to stabilize the phosphate anions, no dissolution was observed. This 

was attributed to the fact that cationic amines coordinate to several lattice sites but not to the 

calcium terminated ones, which are decisive for the dissolution rate.115 

As conclusion, the dissolution of hydroxyapatite is sensitive to the acidic pH values with respect 

to protonation of the phosphates, the ionic strengths regarding the screening of lattice 

interactions and the calcium absorption by acidic polymers as well. 
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1.4 Scope of the thesis 

This project is based on preliminary works including the first attempts to apply block 

copolymers as macromolecular absorbents for cholesterol and calcium phosphates, which are 

constitutes of the atherosclerotic plaques. In a course of an internship, Eliška Drabinová 

synthesized varying structures of PEG-Peptide based diblock and triblock copolymers with 

covalently linked cholesteryl moieties and found impressive cholesterol loading values up to 

33 wt%. Philipp Keckeis synthesized in his master thesis a library of multifunctional triblock 

copolymers with binding sites for cholesterol and ionic compounds for the simultaneous 

solubilization. The challenge to incorporate the physicochemically disparate blocks into one 

polymer chain was overcome and it was demonstrated that the resulting polymers encapsulated 

both cholesterol and calcium ions.  

In this PhD project, two main species of multifunctional block copolymers have been 

synthesized, which associate to the family of PEG-Peptides and to the “pseudopeptide”- species 

of polyoxazolines (Figure 1.11).  

 

Figure 1.11. Overview of the main polymer classes and different polymer architectures. 

Different separated blocks were joined to one polymer chain, which represents the basic 

architecture of the block copolymers. The combination of a non-interacting watersoluble block 

(A), a poly ionic block to bind positively-charged calcium ions (B) and a hydrophobic block 

(C) as hydrophobic binding site, generates amphiphilic A-C diblock copolymers, double 

hydrophilic A-B block copolymers and multifunctional A-B-C triblock copolymers. A-C-A 

triblock copolymers with hydrophobic cores are possible as well. Thereof, two principal 

approaches arise for the treatment of atherosclerosis addressing the direct dissolution of ionic 

and hydrophobic compounds. On the one hand, multifunctional A-B-C triblock copolymers 
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possess the potential to simultaneously dissolve physicochemically disparate substance such as 

hydrophobic cholesterol and ionic hydroxyapatite. On the other hand, a mixture of double 

hydrophilic A-B and amphiphilic A-C block copolymers might be beneficial for elevated 

capacities to solubilize targeted substances, since the hydrophobic and the polyionic segments 

are divided into separated polymer chains. 

Independent of the block number of the polymers, the general strategy includes the 

administration of the polymer particles to the circulation system, where they could dissolve 

specific parts of atherosclerotic plaques and bind the extracted substance in stable associates 

(Figure 1.12).  

 

Figure 1.12. Polymer particles extract cholesterol and hydroxyapatite from atherosclerotic plaques and 

encapsulate the substances within the particles. 

If the size exclusion limit of the human kidneys (~ 40 nm) is not exceeded, cargo particles could 

be released from the body via the renal pathway. Therefore, this strategy might promote reverse 

cholesterol transport, plaque regression and risk reduction of myocardial infarction. In general, 

the excreted polymers could be collected, purified and recovered for further applications.  

The fine-tuning in terms of varying the number of incorporated monomers and the hydrophobic 

content of the distinct blocks establishes the development of structural libraries for each 

polymer architecture. Thereof, the polymers can be investigated in standardized test systems 

with respect to particle morphology and loading capacity of hydrophobic and ionic substances. 

This screening method leads to sophisticated candidates for the simultaneous solubilization of 

hydrophobic and ionic compounds. Selected polymers can be applied in elaborated biological 

systems in order to investigate the interaction with natural environments.   
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CHAPTER 2 -  PEG-Peptides 

2.1 Introduction 

Block copolymers with polyethylene glycol (PEG) segments are widely used as carriers for 

drug delivery. The hydrophilic palisade shields the micellar core from enzymatic opsonization 

and introduce circulation prolonging effects prior to renal clearance. Furthermore, PEG was 

found to be very stable against reactive oxygen species (ROS) representing a crucial 

prerequisite for the usage in the living organism.116 

A straightforward method to produce poly amino acids on large scale is represented by the 

polymerization of amino acid α-N-carboxyanhydrides (NCA) by ring opening 

polymerization.117 This strategy is characterized by key advantages such as large-scaled, 

inexpensive polypeptides polymerized by the living character resulting in narrow molecular 

weight distribution, high molecular weights, moderate reaction conditions and, if necessary, the 

metal-free production of polypeptides, which might be crucial for biological applications.118 

The NCA polymerization mechanism has been studied over several decades with respect to the 

use of initiators, temperature, solvents, etc., as described elsewhere.119 Two major mechanisms 

for NCA initiation were proposed proceeding via amine mechanism and activated monomer 

mechanism, respectively (Figure 2.1), followed by further propagation. 

 

Figure 2.1. Proposed mechanisms to initiate N-carboxyanhydride polymerization. 

The fundamental breakthrough regarding the control over the molecular weight and its 

distribution has been achieved by the usage of transition metal initiators as developed by 

Deming and coworkers,120, 121 and on the other hand, the metal-free, amine salts of 

macroinitiators developed in the Schlaad group.122 Both methods lead to the production of well-

defined polypeptides with significant control over the molecular weights.  
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The synthesis of amino acid N-carboxyanhydride of various L-amino acids was first described 

in 1906 by Leuchs et al.123 Based on this, Daly and Poché have improved the synthetic pathway 

by using solid bis(trichloromethyl)carbonate (triphosgene) (Figure 2.2) instead of the usage of 

gaseous and highly toxic phosgene, the so-called Fuchs-Farthing method.124, 125 

 

Figure 2.2. Conversion of poorly-reactive amino acids into active amino acid NCA monomers using triphosgene. 

This development has opened the production of various polypeptides with PEG segments and 

their application in many field such as drug delivery. 
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2.2 Overview 

This chapter highlights the synthetic libraries of different species of multifunctional block 

copolymers, which all are based on the chemical nature of PEG-Polyamino acid (Figure 2.3).  

 

Figure 2.3. Schematic overview over different species of multifunctional block copolymers composed of a 

watersoluble (blue), a polyanionic (red/orange) and a hydrophobic (black) segment. 

In general, the blue marked segments of the polymers represent the watersoluble polyethylene 

glycol with two lengths PEG113 (Mn = 5000 g/mol) and PEG42 (Mn = 1900 g/mol). For the sake 

of clarity, PEG is the continuous term for PEG113, whereas the use of PEG42 is explicitly noted. 

This segment increases the water-solubility of the polymer chain and thus forms the later 

particle corona, which sterically stabilizes the polymer particles and introduces so-called stealth 

character to the polymer objects making them invisible for endogenous immune cells. For the 

polyanionic segment, blocks of polyglutamic acid and polyaspartic acid were used, labeled in 

red and orange, respectively. Those amino acids contain side chains with carboxylic acid 

functionalities, which are supposed to achieve electrostatic interactions to charged substances 

such as calcium ions bound in poorly soluble calcium phosphates. As hydrophobic blocks, the 

amine groups of incorporated lysine were post-functionalized with cholesteryl moieties (Figure 
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2.3, A-C) and long chain aliphatic alkyls (Figure 2.3, D) but also hydrophobic amino acids such 

as isoleucine and phenylalanine (Figure 2.3, E) were used. The hydrophobic segment serves as 

physicochemical cross-linker forming the inner core of the polymer particles, and further, is 

supposed to establish the connection to other hydrophobic substances via hydrophobic 

interactions in order to solubilize fatty deposits of cholesterol molecules. 

 

Those multifunctional block copolymers (exemplarily for mPEG-PGlu-PLys(Chol), Figure 2.3, 

A) were prepared by the stepwise synthesis (Figure 2.4) of the representative amino acid N-

carboxyanhydride monomers, their incorporation into PEG-peptide backbones via NCA-

polymerization using PEG-amine as macroinitiator, the deprotection of the peptide side-chains 

with trifluoroacetic acid/hydrobromic acid, and finally, the post-polymerization modification 

with cholesteryl chloroformate. 

 

 

Figure 2.4. Scheme of the exemplary synthetic pathway of A triblock copolymers. 
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2.3 Pre-polymerization syntheses 

2.3.1 Synthesis of mPEG-NH2 macroinitiator 

Amino-PEGs were synthesized by converting the hydroxyl group of polyethylene glycol into a 

primary amino-function. Therefore, a two-step reaction pathway was applied, including the 

Mitsunobu-Reaction first and hydrazinolysis second. Commercial methyl terminated α-

hydroxyl-ω-methoxy-poly(ethylene glycol) (mPEG) with molecular weights Mn of 1900, resp. 

5000 g/mol were converted into their corresponding primary amines, namely α-amino-ω-

methoxy-poly(ethylene glycol) (mPEG-NH2), according to Mongondry et al.126  

 

The products were isolated in good yields (86 and 82 %). 1H-NMR analysis of PEG113 (Figure 

2.5 A) revealed the successful synthesis of amino-PEG due to both, the absence of aromatic 

proton nuclei of corresponding phthalimido-PEG (7.70 - 7.85 ppm) and the occurrence of the 

broad peak at 7.92 ppm (1.99 H) corresponding to amino protons. GPC analyses indicate a 

narrow size distribution of mPEG113-NH2 (ᴆ = 1.07) (Figure 2.5 B) and mPEG42-NH2 (ᴆ = 1.29) 

(SI-II, figure S1-S6). In addition, Maldi-TOF MS analysis indicated the molecular weight 

distribution around 5000 g/mol, and furthermore, the CH2-CH2-O repetition unit (Mw = 44 

g/mol) was found (Figure 2.5 C). 

  



Pre-polymerization syntheses 

 42 

PEG-Peptides 

 

A 

 

B C 

 

 

Figure 2.5. A. 1H-NMR spectra (400 MHz, CDCl3) of α-amino-ω-methoxy-poly(ethylene glycol) Mn = 5000 

g/mol (top), α-phthalimido-ω-methoxy-poly(ethylene glycol) (middle) and α-hydroxyl-ω-methoxy-poly(ethylene 

glycol) (bottom). B. GPC traces of mPEG113-NH2, PDi = 1.07. C Maldi-TOF MS spectrum of mPEG-NH2 with 

sharp m/z peak difference of 44 (representing the CH2-CH2-O repetition unit). 
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2.3.2 Synthesis of N-carboxyanhydride monomers  

The N-carboxyanhydride (NCA) approach is an elegant method to transform poorly-active 

amino acids into reactive 5-membered cycles. Amino acid N-carboxyanhydrides were 

synthesized according to a modified procedure described by Poché.124 Side-chain protected L-

amino acids γ-methyl-L-glutamate (MGlu), γ-benzyl-L-glutamate (BzGlu), Nε-

benzyloxycarbonyl-L-lysine (ZLys), γ-benzyl-L-aspartate (BzAsp) and the amino acids L-

phenylanaline (Phe) and L-isoleucine (Ile) were all transformed into their corresponding NCAs 

(Figure 2.6). 

 

Figure 2.6. N-carboxyanhydride syntheses of various L-amino acids via Fuchs-Farthing method.124 

The crude reaction mixtures were flushed with nitrogen gas flow to purge excess phosgene. The 

crude product was rinsed with n-heptane several times prior to recrystallization from ethyl 

acetate. Colorless powders were isolated in sufficient yields (83 – 95 %), and 53 % for Ile-

NCA. Proton NMR, carbon NMR and IR analyses (SI-II, figure S7-S12) confirmed the 

successful conversion by the presence of the corresponding NCA ring signals originating from 

amid protons and carbonyl carbon atoms, respectively. Exemplary proton NMR spectra of 
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BzGlu-NCA, resp. ZLys-NCA (Figure 2.7) illustrate the assigned chemical signal and shifts of 

the corresponding protons, and furthermore, their high purities. 

 

Figure 2.7. 1H-NMR spectra (400 MHz) of γ-benzyl-L-glutamic acid-N-carboxyanhydride (BzGlu-NCA) in 

CDCl3 (left) and of Nε-benzyloxycarbonyl-L-lysine-N-carboxyanhydride (ZLys-NCA) in DMSO-d6 (right). 

 

2.4 mPEG-PGlu-PLys(Chol)  

Most parts of this section are published in Advanced Functional Materials with the title: 

“Multifunctional block copolymers for simultaneous solubilization of poorly water-soluble 

Cholesterol and Hydroxyapatite crystals” Philipp Keckeis, Eliška Drabinová, Cristina Ruiz-

Agudo, Jonathan Avaro, Lisa Glatt, Miloš Sedlák and Helmut Cölfen*.127 The exact parts are 

not labeled with quotes for the sake of readability. 

 

2.4.1 Synthesis 

In order to study the structure-property relationships, triblock copolymers have been 

synthesized with one PEG-Polyamino acid backbone and a varying content of cholesteryl 

moieties. Therefore, mPEG-NH2 was applied as macroinitiator for the ring-opening 

polymerization of γ-benzyl glutamic acid-N-carboxyanhydride prior to the addition of 

carboxybenzyl-lysine N-carboxyanhydride, as described by Schlaad and coworkers.128 NMR 
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endgroup analysis reveals a polymer composition of mPEG113-PBzGlu12-PZLys11.5 with a 

narrow molecular weight distribution of ᴆ = 1.13 according to GPC analysis (Figure 2.8, A and 

B). The side-chain protection groups were cleaved with trifluoroacetic acid and hydrobromic 

acid and the polymer was purified by dialysis against water (Spectra Pore 6, MWCO = 1000 

g/mol). NMR analysis reveals the almost quantitative deprotection (Figure 2.8, C) and MALDI-

TOF spectroscopy illustrates the presence of a defined molecular weight distribution (SI-II, 

figure S17) suggesting intact polymer backbones. The PEG-peptide was portioned and post-

modified with increasing amounts of cholesteryl chloroformate in order to synthesize different 

polymer architectures with varying hydrophobic contents. Excess cholesteryl molecules were 

separated by dialysis against methanol and later by trituration with diethylether. NMR 

spectroscopy was applied to determine and quantify the number of attached cholesteryl 

molecules (Figure 2.8, D, representative spectrum of mPEG-PGlu12-PLys11(Chol)4).  

 
Figure 2.8. (A) Proton NMR spectrum (400 MHz, TFA-d) and (B) GPC traces (THF) of the NCA polymerization 

product mPEG-PBzGlu-PZLys. C) NMR spectrum (400 MHz, TFA-d) of side-chain cleaved mPEG-PGlu-PLys. 

D) NMR spectrum (400 MHz, CDCl3) of cholesteryl-modified mPEG-PGlu-PLys(Chol). 
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A small consecutive library of triblock copolymers with increasing hydrophobic content was 

synthesized by cholesterol grafting (Table 2.1). Details of the polymer syntheses and the 

characterization data are described in the SI part (SI-II, figure S13-S27). 
 

Table 2.1. Synthesized multifunctional block copolymers 
 

Entry Polymer composition [a] 
Hydrophobic content [a] 

[mol%] 

A1 mPEG113-PGlu12-PLys11(Chol)0.5 3 

A2 mPEG113-PGlu12-PLys11(Chol)1.5 10 

A3 mPEG113-PGlu12-PLys11(Chol)4.0 23 

A4 mPEG113-PGlu12-PLys11(Chol)7.5 37 

A5 mPEG113-PGlu12-PLys11(Chol)11 48 

  
[a] 1H-NMR compositional analysis.  

 

2.4.2 Structural analysis 

The polymer dispersions were prepared by adding deionized water to the solid polymers giving 

a final concentration of 0.5 mg/mL. Translucent to turbid dispersions were obtained after 

vigorous stirring for 24 h, dependent on the hydrophobic cholesteryl content of the polymers 

(Figure 2.9). The fully modified polymer mPEG113-PGlu12-PLys11(Chol)11 is poorly soluble 

potentially due to the high cholesteryl content.  

 

Figure 2.9. Red-Laser scattering of the aqueous dispersions of the synthesized polymers (0.5 mg/mL). 
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The polymeric dispersions were filtered with a syringe filter (Micropure, PVDF, 200 nm) prior 

to general characterization methods applying different complementary techniques (SI-II, figure 

S28-S47). An overview of the structural data is composed in the following (Table 2.2). 

Table 2.2. Synthesized multifunctional block copolymers, structural analytical data and cholesterol absorption. 
 

 

Entry 

 

Copolymers  

Hydrophobic 

content [a] 

[mol%] 

CMC [b] 

 

[mg/L] 

Zeta 

potential 

[mV] 

Size of the 

particles 

DH [nm] [c] 

Size of the Chol-

loaded particles 

DH [nm] [c] 

Trapped Chol-

molecules per 

Unimer [d] 

Absorbed  

Chol content  

[wt%] [d] 

A1 
mPEG113-PGlu12-
PLys11(Chol)0.5 

3 13.7 - 8.1 
  38 (  4%) 

190 (96%) 

  35 (16%) 

229 (84%) 
0.2 1.0 (0.1) 

A2 
mPEG113-PGlu12-
PLys11(Chol)1.5 

10 13.3 - 13.0 
  22 (  2%) 

207 (98%) 

  42 (  7%) 

823 (93%) 
0.6 2.6 (0.8) 

A3 
mPEG113-PGlu12-

PLys11(Chol)4.0 
23 7.6 - 34.3 

  26 (  1%) 

148 (99%) 

  178 (23%) 

1148 (77%) 
1.7 6.3 (1.4) 

A4 
mPEG113-PGlu12-
PLys11(Chol)7.5 

37 3.2 - 38.0 
  48 (  2%) 

154 (98%) 

  201 (24%) 

1014 (76%) 
0.4 1.2 (0.3) 

A5 
mPEG113-PGlu12-
PLys11(Chol)11 

48 3.1 - 27.3 
204 

(100%) 
  292 (64%) 
1442 (36%) 

n.d. n.d. 

          
[a] 1H-NMR compositional analysis. [b] CMC fluorescence measurement. [c] DLS, intensity weighted diameter. [d] 

UV/Vis measurement applying the Liebermann-Burchard-reagent.129  

The cmc values were determined by measuring the pyrene solubility in the presence of the 

polymers via fluorescence probe technique. A decrease of the cmc values from 13.7 to 3.1 mg/L 

has been identified with an increasing hydrophobic content of polymers A1 to A5, which is in 

the expected order of magnitude of 10- 6 molar for amphiphilic block copolymers. This decrease 

most likely originates from the growing hydrophobic content according to the general trend that 

increasing hydrophobic to hydrophilic ratios lead to smaller cmc values.67 Moreover, the 

occurrence of a cmc definitely indicates the self-assembly of single polymer chains into 

organized and thermodynamically-stable structures. Light scattering measurements of the 

polymeric dispersions using DLS suggest the intensity weighted particle sizes in the nanometer 

range, which increase with increasing hydrophobic content for A2 to A4 polymers. 

Furthermore, the intensity weighted measurements indicate a bimodal size distribution for each 

polymer. This might originate from the misleading over-proportional presence of the bigger 

species arising from the intensity dependency of RH
6, which heavily skews the particle 

population towards larger particle sizes. Being aware of the fact, that number averaged 

distribution is based on imaginary calculations of spherical and monodisperse models, 

nevertheless, number average might underscore the dominance of the smaller particle 

population due to the absence of bigger species.  

Synchroton small angle X-ray scattering (SAXS) analysis is probably the most reliable 

technique, due to the consideration of all nano aggregates, which radially contribute to the 

scattering pattern. The pure polymer dispersions A1-A4 (SI-II, figure S44-S47) were exposed 
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to synchrotron radiation and the detected scattering data were analyzed with respect to the size 

and shape of the polymer particles (Figure 2.10, A-D). In general, Porod slope values (Q) of 

~1.5 represent mass fractal structures for homogeneous samples e.g. branched-like 

morphologies or spherical object of different sizes for polydisperse samples and values of Q ~4 

represent spherical objects, including polymeric micelles. The negative deviation from Porod-

law are usually characteristics of spherical object possessing a diffuse interface.130 

 

Figure 2.10. Synchrotron-based SAXS analysis of mPEG-PGlu12-PLys11(Chol)0.5-7.5 (A1-A4). 

Considering the SAXS analysis of those polymers with lower cholesteryl content, A1 and A2 

(Figure 2.10, A and B), two clear structural levels were found. The first level indicates spherical 

micelles (Q = 4.2 and 4.8) with radii of gyration of 29 and 34 nm. The second structural level 

reveals Power slope values of 2.3 and 1.5 with corresponding radii of 4.4 and 3.9 nm suggesting 

the presence of clustered polymer networks, which most likely constitutes the small entities of 

the polymer micelles. The analysis of the scattering data of A3 (Figure 2.10, C) revealed two 

structural levels (rG1 = 13.8 nm, Q = 4 and rG2 = 5.3 nm, Q = 2.3) suggesting the presence of 

28 nm micelles composed of the clustered polymer entities with radii of 5.3 nm. In contrast to 
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that, SAXS analysis of the A4 polymer dispersion (Figure 2.10, D) indicate the presence of 

small objects composed of a low-dense polymer network (rG1 = 8 nm, Q = 1.2).  

Furthermore, zeta potential measurements (Table 2.2) exhibit an increase of negative surface 

charges of the particles when the cholesteryl content of the polymers is growing. This can be 

explained by the lower amount of amine-groups due to chemical cholesteryl grafting, which are 

positively charged at physiologic pH. In general, absolute zeta potential values smaller than 

- 30 mV are considered to represent charge-stabilized aggregates with good physical 

stability.131  

In conclusion, those copolymers self-assemble into nano-sized adaptive structures with a 

negatively-charged surface.  

 

2.4.3 Hydrophobic absorption 

Standardized test systems (Figure 2.11) have been developed in order to assess the property of 

the polymeric particles to simultaneously consume hydrophobic components via hydrophobic 

interactions and mineral calcium phosphates via electrostatic forces. The excess of non-bound 

hydrophobes was separated by filtration and of non-bound hydroxyapatite by centrifugation. 

The amount of both absorbed calcium ions and hydrophobic substances (cholesterol and Sudan 

III) was quantified by atomic absorption spectroscopy (AAS) and UV/Vis methods, 

respectively (SI-II, figure S48-S54).  

 

Figure 2.11. Schematic representation of standardized test systems to investigate the absorption of hydrophobic 

components and of calcium phosphate minerals. 

To generalize the hydrophobic encapsulation, Sudan III dye was used as basic representative 

for lipophilic components. The total amounts of the polymer-absorbed dye were determined by 

UV/Vis measurements to 5.9 wt% and 3.5 wt% Sudan III for the polymers A3 and A4, 

respectively (SI-II, figure S49). Addressing atherosclerosis specifically, cholesterol absorption 

experiments demonstrated the capacity of those polymers to dissolve and absorb dispersed 
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cholesterol (Table 2.2) within the polymeric particles up to 5.6 wt% (A3) determined by 

UV/VIS measurements applying the Liebermann-Burchard-reagent (SI-II, figure S51-S54),129 

which is in excellent agreement with the Sudan III loading values. Hence, the architecture of 

the polymers defines the quantity of absorbed cholesterol. The growing hydrophobic content 

from polymer A1 to A5 is affected by two disparate trends. On the one hand, the blank backbone 

mPEG-PGlu12-PLys11 is supposed to self-assemble upon the formation of poly-ionic 

complexes 132 by oppositely-charged electrostatic pair interactions between amine and glutamic 

acid moieties (SI-II, figure S61), whereas on the other hand in case of A5 mPEG-b-PGlu12-b-

PLys11(Chol)11, intermolecular binding is mainly induced by hydrophobic interactions. This 

also remarkably correlates with the negative surface charges (- 8.1 mV to - 38.0 mV) of the 

polymeric associates. Those two discussed trends obviously favor the polymer structure of A3 

in order to absorb most cholesterol.  

In conclusion, since two physicochemically disparate moieties are incorporated in one polymer, 

the amount of absorbed cholesterol is still remarkable (almost 6 wt %). Moreover the 

solubilization of cholesterol proceeds passive, in contrast to common solvent exchange methods 

that achieve rather high drug-loading capacities (10 - 40 wt%), but however those methods base 

on challenging preparation protocols.97  

2.4.4 Structural analysis after cholesterol loading.  

The intercalation of absorbed molecules influences the micro-environment of the particle cores, 

which principally can change the morphology. These investigations are discussed in the 

following using complementary structural techniques and other methods. 

Fluorescent BODIPY-cholesterol 133 was used to visualize encapsulated cholesterol within A2 

polymer conjugates via fluorescence microscopy (SI-II, figure S55-S57). Reference 

experiments demonstrated that the fluorescence BODIPY-cholesterol cannot penetrate the filter 

without polymeric solubilization. This unambiguously evidences the capacity of the A2 

polymer to absorb cholesterol. On the other hand, thermal analysis of the polymers A2 and A3 

(Figure 2.12 and SI-II, figure S58) reveal the absence of the cholesterol melting point and a 

slight shift towards higher melting temperatures after cholesterol loading, which differs from 

the corresponding melting points of the native compounds. These results suggest a homogenous 

dissolution of cholesterol within the hydrophobic particle core,134 whereas microphase 

separation is unlikely.135 
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Figure 2.12. Differential scanning calorimetry of cholesterol (black line), A2 polymer (blue line), A3 polymer 

(red line) and of a dried dispersion of cholesterol adsorbed A2 polymer (blue dashed line) and A3 polymer (red 

dashed line).  

Initially, DLS measurements (Table 2.2) suggested that the particle sizes slightly increase after 

the cholesterol absorption. Moreover, CryoTEM analysis of the native A2 polymer dispersion 

(Figure 2.13, A) indicates nano-sized particles of about 40 nm, which are still present after 

cholesterol absorption (Figure 2.13, B). CryoTEM further shows worm-like assemblies, 

probably disorganized polymer-cholesterol superstructures. 

 

Figure 2.13. CryoTEM, AUC and SAXS investigations of cholesterol absorption by A2 polymer. CryoTEM 

micrographs of a native A2 dispersion (A) and of after cholesterol absorption (B). Scale bars: 100 nm. C) Non-

diffusion corrected sedimentation coefficient distribution AUC measurement of native A2 dispersion and 

cholesterol loaded A2 dispersion. Synchrotron-based SAXS analysis of native A2 polymer dispersion (D) and of 

cholesterol loaded A2 polymer dispersion (E)  
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AUC sedimentation data (Figure 2.13, C) revealed two very small sedimentation coefficients s 

= 0.06 S and 0.78 S suggesting a bimodal size distribution of the native polymer particles. The 

cholesterol absorption led to an increase of the detected concentration, whereas the maxima 

slightly decrease. This difference of the sedimentation profile might originate from density 

changes in the particles due to cholesterol uptake. In addition, synchrotron-based SAXS 

analyses of the native A2 dispersion (Figure 2.13 D,E and for other A polymers SI-II, figure 

S44-S47 and table S1) revealed two structural levels for native and cholesterol absorbed A2 

dispersion characterized by distinct power-law. Consequently, SAXS data suggest single 

polymer chains that represent the first structural level with a possible mass fractal structure and 

radius of gyration (rG2) of 3.9 nm, which constitute the building block for larger spherical 

objects. They possess a radius of gyration rG1 > 34.0 nm (rG1 > beamline size limitation), e.g. 

polymeric micelles representing the second structural level. Cholesterol absorption does not 

affect the morphology of single polymer chains (rG2 = 5.3 nm) giving rise to the conclusion that 

the polymers constitute the subunits of the particles still after cholesterol uptake. In contrast, 

the second structural level shows slight morphological changes (Q1 = 3.1), which most-likely 

suggests the presence of spherical objects with rough surfaces or clustered polymer networks 

with rG1 > 34.0 nm. The combination of all structural analytical methods converge to the 

conclusion that the A2 block copolymer self-assembles into nanometer-sized, spherical 

micelles while substantially maintaining their stature after the cholesterol uptake. It is 

noteworthy that the most cholesterol absorbing A3 polymer forms spherical micelles after 

cholesterol encapsulation (Q = 4.4, rG = 10.6 nm), which perfectly meets the requirement for 

renal excretion (particle diameter < 40 nm).136 

2.4.5 Calcium adsorption 

Since calcium is bound in mineral structures such as spherical hydroxyapatite particles in 

calcified coronary arteries,22 the interactions of A polymers with calcium ions were 

investigated. Figure 2.14 shows the relationship between different A copolymer architectures 

and the affinity to adsorb calcium ions from CaCl2-solution and from hydroxyapatite, 

respectively, which was quantified by atomic absorption spectroscopy (AAS). First, the calcium 

adsorption capacity was determined by excessive supersaturation of the polymeric dispersions 

with calcium ions (1000 μmol) prior to the isolation from non-bound ions. AAS reveals 

adsorbed calcium ion contents of 2.1 to 3.1 wt% corresponding to 0.39 to 0.53 calcium ions per 

carboxylic acid (SI-II, figure S59 and table S4). Those binding values are in good agreement 
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with those found for adsorbed calcium by polymeric hydrogels containing acetic acid moieties 

(0.39-0.45 Ca2+/COO¯).137  

 

Figure 2.14. Interaction between the A polymers and calcium ions. Absolute quantities of adsorbed calcium ions 

by these polymers measured with atomic absorption spectroscopy (triplicates) from supersaturated CaCl2-solution 

(black circles) and hydroxyapatite (white squares) in the presence of Lanthanum chloride (10.000 ppm). 

Furthermore, these polymers were applied to solubilize calcium ions bound in hydroxyapatite 

crystals - a highly insoluble salt - possibly by accelerating the partial dissolution of mineral 

calcium phosphates or by extracting calcium phosphate clusters from the mineral (SI-II, figure 

S60). Hence, the polymer dispersions were isolated from excess solid hydroxyapatite after 

stirring overnight and the adsorbed calcium content was determined by AAS measurement in 

the presence of lanthanum chloride to mask the phosphates (Figure 2.14, white squares). 

Ca2+/COO¯ values from 0.25 to 0.38 of the polymers were quantified, which increase with 

higher hydrophobic cholesteryl contents. Considering the architectural changes of the 

polymers, two inverse trends are obvious. On the one hand, the blank backbone mPEG-PGlu12-

PLys11 is supposed to self-assemble upon the formation of poly ionic complexes 132 by 

oppositely-charged electrostatic interactions between amine and glutamic acid moieties (SI-II, 

figure S61), whereas on the other hand in case of mPEG-PGlu12-PLys11(Chol)7.5 (A4), 

intermolecular binding is mainly induced by hydrophobic interactions. Here, cholesteryl 

grafting basically reduces the presence of amine moieties and provides glutamic acid groups 

for the calcium binding e.g. This correlates with the negative surface charges (-8.1 mV to -38.0 

mV) of the polymeric associates and increased the quantity of adsorbed calcium ions bound in 
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hydroxyapatite. Finally, the capacity of the multifunctional polymer to bind calcium ions even 

from mineral structures could successfully be demonstrated. 

With the aim of getting better insights into calcium affinity of the multifunctional block 

copolymers, calcium adsorption was further investigated by potentiometric titration, which 

stands as a well-established method to understand and quantify binding processes such as 

adsorption by polyanionic polymers.138 Experiments were carried out by the stepwise addition 

of CaCl2 to A2 and A3 polymer dispersions at physiological pH (7.4). Ca2+ potentials were 

monitored by means of ion selective electrode and the activity of free Ca2+ in solution could be 

inferred from these measurements. Free Ca2+ profiles (discussed in detail in SI-II, figure S62-

65) suggest that binding capacities of the A2 and A3 polymers via ion exchange mechanism are 

sensitively dependent on the CaCl2 addition rate. It was found that the amount of Ca2+-ions per 

COO¯ group ranged from 0.06 to 0.25 with increasing Ca2+ addition rate from 0.01 μmol to 3 

μmol calcium ions per min (Figure 2.15, A). 

 
Figure 2.15. (A) Addition-dependent calcium adsorption of A2 (black circles) and A3 (white circles) polymer 

dispersions applying potentiometric titration. (B) Time-dependent DLS monitoring of A2 titration with 100 mM 

CaCl2 solution with addition rate of 0.03 mL/min. 

Those calcium binding values are similar to the ones found for well-known systems of 

polyaspartic acid with the capability to absorb 0.16-0.29 calcium ions per carboxylic acid, 

depending on the molecular weight.138 Titration experiments with still faster Ca2+ addition rates 

(6 μmol/min) suffer from ionic strength effects and slow-moving equilibrium reactions and 

hence decreased Ca2+ binding values were found. Therefore, the titration experiments might not 

represent the maximal calcium saturation of those macromolecules. These disruptive ionic 

effects hinder the conformation of the calcium binding values gained from the AAS 

experiments (A2: 0.39, A3: 0.42 Ca2+/COO¯) with immediate Ca2+ addition of 1000 µmol.  
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Additionally, in-situ DLS observations during one titration experiments (100 mM CaCl2, 0.03 

mL/min) do not display any significant changes of the particle size due to the increase of 

calcium ions in solution (Figure 2.15, B).  

2.4.6 Simultaneous binding of hydrophobes and hydroxyapatite 

In order to assess the simultaneous binding of hydrophobic and ionic components in general, 

Sudan III dye and calcium ions were used as representative for any lipophilic and charged 

component. The total amount of the polymer-adsorbed dye and calcium were quantified via 

UV/Vis and AAS measurements. A3 polymer bound 2.4 wt% Sudan III and 0.38 Ca2+/COO¯ 

and A4 polymer 2.9 wt% Sudan III and 0.44 Ca2+/COO¯, respectively (SI-II, figure S66 and 

table S6-S7). Apparently, calcium binding is not affected by the presence of hydrophobic 

molecules, whereas the hydrophobic encapsulation is slightly reduced in the presence of 

calcium ions. 

Further specific studies towards cholesterol extraction and calcium adsorption from artificial 

arterial plaques were performed. A2 polymer was dispersed in a blood-mimicking medium,139 

(except calcium-ions) in the presence of solid cholesterol and hydroxyapatite (SI-II, figure S67-

S68). It was found that A2 polymer simultaneously encapsulates 4 wt% cholesterol and 1 wt% 

calcium (0.17 Ca2+/COO¯). The increased quantity of absorbed cholesterol possibly results from 

the cationic shielding of glutamic acid functions, which reduces repulsive interactions between 

hydrophobic cholesterol molecules and negatively charged carboxylic groups, whereas calcium 

adsorption is decreased because the cation species in the blood-mimicking media compete with 

calcium ions. 

Cholesterol efflux from foam cells results in fatty deposits within the endothelium.14 To 

simulate arterial plaques, artificial gel models of kappa-carrageenan were prepared (SI-II, figure 

S69-S70), which are pervaded with cholesterol and mineral hydroxyapatite. A2 dispersion was 

added, which extracted 0.1 wt% cholesterol and 0.18 wt% calcium (0.03 Ca2+/COO¯). Notably, 

the compounds are embedded in a tissue-imitating material, hence the extraction successfully 

demonstrates the fundamental concept.  

2.4.7 Conclusion 

In summary, multifunctional block copolymers represent valuable macromolecular absorbents 

for physicochemical disparate components, like hydrophobic cholesterol or Sudan III molecules 

and calcium dissolved from hydroxyapatite. Complementary analytical techniques suggest self-

assembly of the polymer into nano-sized spherical micelles, which simultaneously incorporate 

up to 4 wt% cholesterol and 1 wt% calcium, dissolved from mineral hydroxyapatite.   
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2.5 mPEG-PAsp-PLys(Chol)  

In order to study the influence of the poly-ionic segment, PEG-Peptide block copolymers were 

synthesized with incorporated aspartic acid entities. Furthermore, the application of two 

different PEG segments with molecular weights of 1900 and 5000 g/mol (PEG42 and PEG113) 

leads to structural variation of the later hydrophilic corona. The final triblock copolymers (Table 

2.4) are categorized as B (PEG113) and C (PEG42) for a clear overview. 

 

2.5.1 Synthesis 

The final polymers were synthesized by stepwise block copolymerization, deprotection and 

cholesteryl modification. All analytical data of the synthesized polymers are provided in the 

supplementary section (SI-II, figure S71-S84 and S104-S110). First, the macroinitiator mPEG-

NH2 was applied for the ring-opening polymerization of the N-carboxyanhydrides of γ-benzyl 

aspartic acid (BzAsp-NCA) for the first segment, followed by the addition of carboxybenzyl-

lysine N-carboxyanhydride (ZLys-NCA) to incorporate the amine moieties. Different PEG-

peptide backbones were synthesized and obtained as colorless solids after purification by 

precipitation from diethylether. The polymer compositions and the molecular weight 

distribution were determined by NMR and GPC analysis and are summarized below (Table 

2.3). 

Table 2.3. Characterization data of synthesized triblock copolymers.  

Entry Polymer composition [a] 

Stoichiometric 

loading [b] 

[I] : [M1] : [M2] 

PDi [c] 

 

Mw/Mn 

Mn (GPC) [c] 

Mp (GPC) 

[kg/mol] 

Mn (NMR) [a] 

 

[kg/mol] 

1 mPEG113-PBzAsp14-PZLys7 1 : 13 : 8 1.34 
6.0 

9.9 
9.7 

2 mPEG113-PBzAsp31-PZLys7 1 : 40 : 8 1.42 
6.7 

11.8 
11.1 

3 mPEG113-PBzAsp46-PZLys6 1 : 80 : 8 1.16 
5.4 

6.7 
16.4 

4 mPEG42-PBzAsp14-PZLys12   1 : 30 : 13 1.36 
5.2 

9.0 
7.9 

[a] Proton NMR compositional analysis. [b] Stoichiometric polymerization batch loading with PEG (I), BzAsp-NCA 

(M1), and ZLys-NCA (M2). [c] GPC in THF against PS-standard. 
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The discrepancy between the obtained Mn-values by NMR or GPC might originate from the 

moderate solubility of the polymers in THF. The higher molecular weight polymers especially 

possess larger differences. Nevertheless, the peak maxima Mp are in good agreement with the 

estimated molecular weights via NMR end group analysis. Therefore, the methoxy group (1) at 

3.55 ppm was used as reference in order to calculate the number average molecular weight, 

which is exemplarily illustrated for the polymer PEG-PBzAsp31-PZLys7 (Figure 2.16). In 

addition, the GPC analysis revealed a shorter retention time of the PEG-Peptide. Since higher 

molecular substances elute faster through the applied column, the shift of the retention time 

indicates the increase of the molecular weight compared to the initiator mPEG-NH2 with a 

molecular weight distribution ᴆ of 1.42. 

 

Figure 2.16. Exemplary NMR spectral analysis (left) of the synthesized PEG-PBzAsp31-PZLys7 in TFA-d. GPC 

traces (right) of PEG-PBzAsp31-PZLys7 (solid line) and of the PEG113-NH2 macroinitiator in THF. 

The benzyl- and Z-protecting groups were simultaneously cleaved with trifluoroacetic acid and 

hydrobromic acid in order to expose the carboxylate and amine functionalities. NMR analysis 

reveal the absence of benzyl signals indicating quantitative deprotection, and hence, the 

exposure of the mPEG-PAsp-PLys backbones (SI-II, figure S73, S79, S84 and S106). The 

hydrophobic segments were generated by cholesteryl grafting via post polymerization 

modification using the carbamate formation (N-C(=O)-O) between lysine-amines and 

cholesterol chloroformate (OC(=O)Cl) as hydrophobic entities. Excess cholesteryl 

chloroformate was removed by dialysis against methanol, which was controlled by IR 

spectroscopy (Figure 2.17, B). The absence of the chloroformate (OC(=O)Cl) vibrational band 
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at 1769 cm-1 confirms the complete removal of non-bound cholesteryl chloroformate. The exact 

polymer composition was determined by NMR analysis using the prominent steroidal C18-

methyl singlet at 0.66 ppm, in this case with the integral of 15, corresponding to 5 covalently 

attached cholesteryl molecules. (Figure 2.17, A).  

 
 

Figure 2.17. Exemplary NMR (A) and ATR-IR (B) spectra of the multifunctional triblock copolymer mPEG42-

PAsp14-PLys12(Chol)5 in CDCl3. 

The cholesteryl-functionalization of the polymer backbone mPEG113-PAsp46-PLys6 failed, 

since the extended carboxylate domain is supposed to prevent the approximation of 

hydrophobic and poly-ionic entities for successful carbamate reaction.  

All polymer compositions are summarized in Table 2.4. The variation of both different block 

lengths of the single segments and degree of functionalization forms a small library of 

comparable block copolymers containing an increased hydrophobic to hydrophilic ratio. 

 

2.5.2 Structural characterization and cholesterol uptake 

The synthesized triblock copolymers, based on poly aspartic acid, were dispersed in water (0.5 

mg/mL) and the resulting polymer dispersions were structurally characterized with different 

analytical techniques (SI-II, figure S85-S98 and S111-S122), summarized in Table 2.4. 

Vigorous stirring over several days was necessary for a homogenous and finely dispersed 

mixture. However, the opaque polymer dispersions all are very turbid, pointing towards a 

reduced polymer solubility in water.  
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Table 2.4. Synthesized multifunctional triblock copolymers with poly aspartic acid segment, structural analytical 

data in deionized water and quantified cholesterol absorption. 
 

 

Entry 
Polymer 

composition [a] 

Hydrophobic 

content [a] 

[mol%] 

CMC [b] 

 

[mg/L] 

Zeta 

potential 

[mV] 

Size of the 

particles 

DH [nm] [c] 

Size of the Chol-

loaded particles 

DH [nm] [c] 

Absorbed  

Chol content  

[wt%] [d] 

B1 
mPEG113-PAsp8-

PLys7(Chol)1.1 
8 10.0 - 31.1 94 (100%) 212 (100%) 3.6 (2.6) 

B2 
mPEG113-PAsp8-
PLys7(Chol)2.4 

17 4.6 - 31.2 99 (100%) 
  87 (  9%) 
393 (91%) 

2.6 (1.2) 

B3 
mPEG113-PAsp8-
PLys7(Chol)3.0 

20 3.0 - 27.7 128 (100%) 163 (100%) 3.6 (0.3) 

= = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = == = = = = = = = = = == = = = = = = = = = == = = = = = = = = = == = = = = = = = = = == = = = = = = = = = == = = = = == = = = = = = = = = == = = = =  

B4 
mPEG113-PAsp21-
PLys7(Chol)1.1 

6 11.2 - 35.3 89 (100%) 245 (100%) 1.2 (0.1) 

B5 
mPEG113-PAsp21-

PLys7(Chol)2.3 
14 6.3 - 39.1 150 (100%) 207 (100%) 1.7 (0.2) 

= = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = == = = = = = = = = = == = = = = = = = = = == = = = = = = = = = == = = = = = = = = = == = = = = = = = = = == = = = = == = = = = = = = = = == = = = =  

C1 
mPEG42-PAsp14-

PLys12(Chol)3.0 
20 n.d. - 35.3 242 (100%) 171 (100%) 1.7 (0.4) 

C2 
mPEG42-PAsp14-

PLys12(Chol)4.0 
26 n.d. - 32.8 455 (100%) 169 (100%) 4.3 (0.6) 

C3 
mPEG42-PAsp14-

PLys12(Chol)4.3 
28 n.d. - 36.9 268 (100%) 

  59 (  6%) 

241 (94%) 
5.7 (0.7) 

C4 
mPEG42-PAsp14-

PLys12(Chol)5.0 
31 n.d. - 38.2 218 (100%) 

104 (29%) 

301 (71%) 
5.9 (0.3) 

        
[a] 1H-NMR compositional analysis. [b] CMC fluorescence measurement. [c] DLS, intensity weighted diameter. [d] 

UV/Vis measurement applying the Liebermann-Burchard-reagent.129  

• Structural analysis 

The pyrene fluorescence spectroscopy for probing the environmental polarity reveals 

micromolar cmc values that decrease for the polymers with higher hydrophobic polymer 

content, for instance from 10 mg/L (B1) to 3 mg/L (B3) (Table 2.4). Those values are in the 

expected order of magnitude of macromolecular amphiphiles, and further, indicate the 

thermodynamic stability of the polymers.  

The zeta potentials of all dispersions are significantly negative suggesting polymer associates 

with negative surface charges. In more detail, the number of incorporated units of aspartic acid 

correlates with both the net charges (PAsp8 < PAsp14 < PAsp21) and the amount of cholesteryl 

groups (Chol ↑ - mV ↓), which basically reduce the number of free positively charged Lys-

amines.  

DLS analyses of the polymer dispersions suggest colloidal assemblies of the B and C triblock 

copolymers with intensity-weighted particle sizes around 100 nm and higher. The higher 

molecular weight block copolymers B seem to follow the trend of larger particle diameters with 

higher cholesteryl functionalization (B3 > B2 > B1 and B5 > B4). This might arise from the 

steric demand on the one hand and from the attenuated shielding of negative carboxylate 

charges due to the reduction of positive amine charges on the other hand. In contrast to B 

polymers, the shorter PEG42 triblock copolymers C do not follow any obvious trend, affected 

by polymer architecture. All four polymers have particle sizes about 250 nm, except of the 
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larger C2. However, the reliability of the DLS measurements needs to be interpreted carefully, 

due to the poor aqueous solubility of the polymers impeding proper analysis by scattering 

techniques. 

• Cholesterol uptake 

The poly aspartic acid-based block copolymers were evaluated in standardized test systems 

(Figure 2.11) with respect to their affinity to solubilize and absorb hydrophobic cholesterol 

molecules. In general, all polymers tend to uptake cholesterol molecules (Table 2.4; SI-II, figure 

S99-S103 and table S8 and SI-II, figure S123 and table S9).  

This cholesterol uptake is supposed to follow two trends. First, higher number of covalently 

attached cholesteryl moieties representing the hydrophobic content promote the cholesterol 

uptake. For instance, the hydrophobic content of C4 is 31 mol% leading to cholesterol uptake 

of 5.9 wt%, which is remarkably higher than that for other C polymers (Table 2.4). This 

tendency is obvious for all subunits, neglecting B1 with a high error bar. Second, larger amounts 

of incorporated carboxylates reduce the cholesterol uptake (PAsp8 > PAsp14 > PAsp21), due to 

repulsive interactions between negative charges and hydrophobic substances.  

Both trends are strongly pronounced considering the shorter PEG chain-based C polymers. 

Here, the PAsp segment includes 14 incorporated carboxylate functions (between PAsp8 and 

PAsp21) and the tendency to absorb cholesterol molecules is hampered in case of the C1 

polymer with the lowest hydrophobic content (20 mol%), comparably to B3 and B5. However, 

the increase of the hydrophobic nature (C1 → C4) dramatically improves the cholesterol 

uptake. 

2.5.3 Conclusion 

This section details the synthesis and characterization of multifunctional block copolymers with 

segments of polyaspartic acids instead of polyglutamic acid, and further, describes the behavior 

of these substances in water. It was demonstrated that the particle sizes of the polymer particles 

increase after cholesterol uptake in case of B polymers, whereas cholesterol encapsulation leads 

to decrease particles sizes in case of C polymers (Table 2.4). Nevertheless, the resulting particle 

sizes of the cholesterol-loaded conjugates significantly exceed the limit for renal excretion 

(< 40 nm). Therefore, this specific polymer structure is not suitable for the application as 

macromolecular solubilizers for atherosclerotic plaques. 
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2.6 mPEG-PGlu-PLys(Alkyl)  

This section includes the investigation of multifunctional block copolymers with long alkyl 

chains as hydrophobic domain, instead of cholesteryl moieties. Based on the idea that the 

mobility of linear chains might compete with the rigid cholesteryl framework, the hydrophobic 

interactions with the targeted free cholesterol molecules can be possibly improved.  

 

2.6.1 Synthesis 

The diblock and triblock copolymers were synthesized by ring-opening polymerization of 

amino acid-NCAs initiated by PEG113 macroinitiators, as described above. Varying amounts of 

lysine NCA and glutamic acid NCA and different addition sequences were used for structural 

variation of the resulting polymers (Table 2.5). The final polymer structures were obtained after 

deprotection and aliphatic modification. All analytical data are provided in the supplementary 

section (SI-II, figure S124-S148). 

Table 2.5. Characterization data of synthesized diblock and triblock copolymers.  
 

Entry Polymer composition [a] 

Stoichiometric 

loading [b] 

[I] : [M1] : [M2] 

PDi [c] 

 

Mw/Mn 

Mn (GPC) [c] 

  

[kg/mol] 

Mn (NMR) [a] 

 

[kg/mol] 

1 mPEG-PZLys11 1 : 13 1.09 6.1 7.9 

2 mPEG-PBGlu21-P(Z)Lys15 1 : 13 : 13 2.76 1.1 13.5 

3 mPEG-P(Z)Lys19-PBGlu21 1 : 13 : 13 1.98 2.0 14.7 

4 mPEG-PBGlu12-P(Z)Lys11.5 1 : 12 : 13 1.13 7.6 10.6 

= = = = = = = = = = = = = = = = = Deprotection of the polymers above = = = = = = = = = = = =  = = = = = = 

5 mPEG-PLys7 - - - - 

6 mPEG-PGlu13-PLys6 - - - - 

7 mPEG-PLys8.5-PGlu10.5 - - - - 

8 mPEG-PGlu12-PLys11 - - - - 

[a] Proton NMR compositional analysis. [b] Stoichiometric polymerization loading with PEG (I), BzAsp-NCA or 

ZLysNCA (M1 or M2 according to the written sequence of the polymer composition). [c] GPC in THF against PS-

standard. 

The discrepancies of stoichiometric loading of the polymerization batch and the degree of 

polymerization (Table 2.5, entries 1-3) point towards the presence of a side product. This is 

supported by the broad PDi values (2.0 and 2.8), measured by GPC, however, the determined 
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Mn values are far too low. In contrast, mPEG-PBzGlu12-P(Z)Lys11.5 (entry 4) is the illustrative 

example for the NCA polymerization that is characterized by living chain growth containing 

very narrow molecular weight distribution (1.13) and direct transfer of the stoichiometric ratio 

into the composition of the polymer backbone. The other polymerization reactions were 

initiated by a different PEG-NH2 batch, which might suffer from the insufficient purity. 

The polymer backbones were simultaneously deprotected in a TFA/HBr mixture, precipitated 

in diethyl ether and dialyzed against water (SpectraPor 6, MWCO = 3500 g/mol). Here again, 

the discrepancies of the incorporated monomer units between polymerized and protecting 

group-cleaved backbones suggest the presence of side product, such as oligomers, which have 

been separated via dialysis. Therefore, PDi values are supposed to get narrower, but this 

assumption could not be approved due to the lack of suitable GPC analysis.  

Nevertheless, the PEG-peptide backbones were post-functionalized with long chain aliphatic 

molecules as hydrophobic domains. Therefore, dodecyl alcohol and cetyl alcohol were 

transferred into the corresponding chloroformates (C12/C16-OC(O)Cl) and obtained in high 

purities (SI-II, figure S124-S127).140 The hydrophobic units were introduced to the lysine 

segment via covalent linkage of the carbamate formation (Lys-N-C(O)-O-C12/C16) in a 

water/acetone (v/v = 1:1) mixture and the presence of potassium carbonate. The crude reaction 

mixtures were purified by exhaustive dialysis against both methanol and water prior to 

lyophilization. Colorless powders were obtained and the final polymer compositions (Table 2.6, 

D1-D8) were determined by proton NMR analysis. 

Table 2.6. Polymer composition of long chain alkyl functionalized PEG-peptides. 
 

Entry Polymer composition [a] 

D1  mPEG-PLys7(C12)3 

D3  mPEG-PLys7(C12)4 

D2  mPEG-PLys7(C16)3 

D4  mPEG-PGlu13-PLys6(C12)0.8 

D5  mPEG-PGlu13-PLys6(C12)3 

D6  mPEG-PLys8.5(C12)5-PGlu10.5 

D7  mPEG-PGlu12-PLys11(C12)3.8 

D8  mPEG-PGlu12-PLys11(C12)5.5 

                                       [a] Proton NMR compositional analysis. 
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This is exemplarily demonstrated for mPEG-PLys7(C16)3 (D2) (data of other polymers are 

provided in the supplementary section SI-II, figure S124-S127). Proton NMR spectral analysis 

shows proton signals at 0.88, 1.26 and 1.45 ppm (Figure 2.18, A) corresponding to the terminal 

methyl group (5), the internal methylene groups (5-(CH2)14-4) and to the carbamate-neighbored 

methylene group (4) of the aliphatic cetyl chain. Furthermore, the absence of chloroformate 

vibrations at 1770 cm-1 in the ATR-IR spectrum (Figure 2.18, B) confirms the complete removal 

of non-bound cetyl chloroformate. This gives rise to the conclusion that the long chain aliphatic 

molecules are covalently linked to the polymer backbone.  

 
 

Figure 2.18. Proton NMR (A) and ATR-IR (B) spectra of mPEG-PLys7(C16)3 (D2). 

 

 

2.6.2 Structural characterization 

Polymer dispersions were prepared by ordinary dissolution of the solid polymer in water 

overnight with a concentration of 0.5 mg/mL. Unfortunately, all polymers D1-D8 are poorly 

soluble, resulting in undissolved solid material swimming on top of the aqueous phase. The 

gravimetric control of the dissolved polymer amount reveals small amounts of maximal 0.02 

mg/mL (including large errors). These low polymer contents disqualify the triblock copolymers 

as potential therapeutic compound and no further analysis was performed.  
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2.7 mPEG-PGlu-PIle/PPhe 

Although certain abovementioned cholesteryl grafted block copolymers meet the principal 

requirements regarding the cholesterol absorption and the particle size, the synthetic effort is 

remarkable. As straightforward approach towards the reduction of the synthesis steps, PEG-

peptides with incorporated domains of phenylalanine (Phe) and isoleucine (Ile) represent 

attractive units, since they possess the highest hydrophobicity of natural amino acids and the 

chemicals are inexpensive.141 To this end, multifunctional block copolymers with segments of 

hydrophobic peptides were synthesized and investigated with regard to the morphology and to 

the capacity to absorb cholesterol. Further specific details are described in the Bachelor thesis 

of Lisa Glatt.142 

 

2.7.1 Introduction 

With the breakthrough of NCA peptide synthesis,120, 122 PEG-P(amino acids) have become the 

focus of many studies analyzing the structural behavior of colloidal systems. Hence, several 

applications of such block copolymers are described for instance the utilization of polymer 

micelles in therapeutic drug delivery.143-146 The good control over the preparation allows 

morphological manipulation of the resulting polymer particles (micelles, vesicles, liposomes, 

etc.) and thus the optimization for drug loading efficiencies with respect to increase the 

solubility of the pharmaceutical agent within the polymer carriers. As a direct result of those 

advantages, a variety of polymeric micelles based on PEG-peptides have been engineered for 

multi-drug delivery in cancer therapy e.g., which have already entered the clinical phases 

II/III.147 Furthermore, it has been demonstrated that the PEG-peptides are expectedly non-toxic, 

for instance PEG113–PGlu90–PPhe25 as representative structure.143  
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The nature of the incorporated amino acid transfers the physicochemical properties onto the 

resulting PEG-peptides, as depicted in Figure 2.19. 

 

Figure 2.19. Physicochemical properties of incorporated amino acids. 

The triblock copolymer PEG113–PGlu90–PPhe25 is applied as polymer scaffold for the dual 

delivery of cis-platin (15 wt%) in the glutamic acid domain and paclitaxel (9 wt%) in the 

hydrophobic domain, after partial cross-linkage of the carboxylates. The resulting cross-linked, 

drug loaded micelles have diameters of 90 nm with negatively charged surfaces (ζ-potential of 

- 20 mV).143 Considering the morphology of exemplary PEG-Peptides described in literature, 

PEG20-PAlanin6.7-PPhe1.6 was found to form 34 nm micelles 148 and PEG20-PIle5 as well as 

PEG20-PValine5 form mixtures of nanofibres and spheres 149. In case of amphiphilic PEG-

PAlanine copolymers, the block length of the watersoluble PEG segment was found to crucially 

affect the shape of the nano-associates. Small molecular-weight PEG20-PAlanine8.5 
149 self-

assembles into a mixture of small micelles, tubuli and nanofibres, whereas higher molecular-

weight PEG113-PAlanine8.5 
150 self-organize into very small micelles.  

 

2.7.2 Synthesis 

The macroinitiator mPEG-NH2 was applied for the ring-opening polymerization of the N-

carboxyanhydrides of phenylalanine (Phe-NCA) and isoleucine (Ile-NCA). Moreover, triblock 

copolymers were synthesized using γ-methyl glutamic acid-N-carboxyanhydride (MGlu-NCA) 

for the additional incorporation of a poly ionic block. The obtained block copolymers possess 

low molecular weight distributions between 1.04 and 1.18 (Table 2.8 and Figure 2.20). The 

ester protecting groups were cleaved to expose the carboxylates under basic conditions and the 

crude products were further purified by dialysis (MWCO = 1000 g/mol) against water. 

Therefore, the synthetic procedure is significantly reduced since the deprotection step can be 

performed under mild conditions and post polymerization modification is redundant. Notably, 

no remaining amine functions introduce positive charges, compared to the lysine-based block 
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copolymers. Accordingly, all synthesized block copolymers are included in Table 2.7 and the 

analytical details are provided in the supplementary section (SI-II, figure S149-S170).  

Table 2.7. Characterization data of synthesized diblock and triblock copolymers.  
 

Entry Polymer composition [a] 

Stoichiometric 

loading [b] 

[I] : [M1] : [M2] 

PDi [c] 

 

Mw/Mn 

Mn (GPC) [c] 

  

[kg/mol] 

Mn (NMR) [a] 

 

[kg/mol] 

1 mPEG-PIle22  1 : 16 1.05 7.9 7.5 

2 mPEG-PIle32 1 : 40 1.08 3.8 8.6 

3 mPEG-PMGlu9-PIle13 1 : 13 : 13 1.09 7.5 7.8 

4 mPEG-PGlu11-PIle28 1 : 13 : 40 1.11    4.3 * 9.7 

5 mPEG-PIle11-PMGlu10.5  1 : 13 : 13 1.05 8.1 7.7 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

6 mPEG-PPhe9 1 : 13 1.07 6.2 6.3 

7 mPEG-PPhe12 1 : 35 1.06 7.7 6.8 

8 mPEG-PMGlu9-PPhe6 1 : 13 : 13 1.18 8.3 7.2 

9 mPEG-PPhe11-PMGlu6 1 : 13 : 9 1.04 8.0 7.5 

[a] Proton NMR compositional analysis. [b] Stoichiometric polymerization loading with PEG (I), MGlu-NCA and 

Ile-NCA/Phe-NCA (M1 or M2 according to the written sequence of the polymer composition). [c] GPC in THF 

against PS-standard. 

* GPC analysis of poorly THF-soluble, deprotected polymer, which was synthesized by NCA polymerization of 

Ile-NCA initiated by mPEG-PGlu9-PIle13.  

The composition and the hydrophobic content of the synthesized and deprotected 

macromolecules was estimated by NMR endgroup analysis, which is exemplarily shown for 

the A-B-C triblock copolymer mPEG-PGlu9-PIle13 in Figure 2.20.  

 

Figure 2.20. A) 1H-NMR (400 MHz, CDCl3) compositional analysis of mPEG-PGlu9-PIle13 via end-group 

analysis (CH3-O-PEG). B) GPC trace of ester-protected mPEG-PMGlu9-PIle13 in THF. 
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GPC analyses of the amphiphilic diblock and of ester-protected triblock copolymers reveal 

remarkably narrow molecular weight distributions with number weighted values (Mn) matching 

very good with the Mn values that were calculated by NMR endgroup analysis (Table 2.7), 

except for the block copolymers mPEG-PIle32 and mPEG-PGlu11-PIle28 (Table 2.7, entry 2 and 

4). Both polymers possess long hydrophobic PIle segments and thus the solubility in THF is 

decreased, especially in case of the deprotected polymer mPEG-PGlu11-PIle28, which has been 

prepared by increasing the Ile block length of mPEG-PMGlu9-PIle13 in a NCA polymerization 

with Ile-NCA. 

2.7.3 Structural characterization 

Polymer dispersions were prepared by dissolving the solid polymer powders in water with a 

final concentration of 0.5 mg/mL. Depending on the substance, translucent or turbid dispersions 

were obtained after vigorous stirring for 24 h. The polymeric dispersions were filtered with a 

syringe filter (Micropure, PVDF, 200 nm) prior to general characterization methods applying 

different techniques (SI-II, figure S171-S195), except of the cmc measurements where the 

accurate concentration is essential.  

Table 2.8. Synthesized multifunctional copolymers, structural analytical data in deionized water and cholesterol 

absorption. 
 

Entry Copolymers 
Lipophilic 

content  

mol%[b] 

CMC[c] 

[mg/L] 

[µM] 

Zeta 

potential 

[mV] 

Size of the 

particles  

[nm][d] 

Size of Chol-

loaded particles 

[nm][d] 

Absorbed  

Chol content  

[wt%][e] 

E1 mPEG-PIle22  33 
22.2 
3.0 

- 0.3 
  53 (15%) 
307 (85%) 

306 (100%) 11.3 (0.9) 

E2 mPEG-PIle32 42 
24.3 
2.8 

- 2.6 
  15 (31%) 
306 (69%) 

167 (100%) 0.8 (0.3) 

E3 mPEG-PGlu9-PIle13 19 
31.5 
4.1 

- 9.4 
  43 (  7%) 
179 (93%) 

  63 (11%) 
246 (89%) 

2.8 (0.2) 

E4 mPEG-PGlu11-PIle28 33 
15.5 
1.6 

- 19.5 
 34 (  8%) 
225 (92%) 

  57 (12%) 
320 (88%) 

14.3 (3.3) 

E5 mPEG-PIle11-PGlu10.5  16 
32.1 
4.2 

- 11.4 
 28 (  8%) 
154 (92%) 

 23 (  6%) 
154 (94%) 

0.4 (0.3) 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

E6 mPEG-PPhe9 21 
18.4 
2.9 

+ 1.6 
 44 (  8%) 
351 (92%) 

 45 (  4%) 
214 (96%) 

1.2 (0.6) 

E7 mPEG-PPhe12 26 
9.0 
1.3 

+ 6.2 
 90 (  8%) 
331 (92%) 

 49 (  7%) 
247 (93%) 

4.7 (1.3) 

E8 mPEG-PGlu9-PPhe6 13 
30.1 
4.4 

- 12.0 
 35 (  3%) 
196 (97%) 

 36 (  3%) 
218 (93%) 

1.5 (0.3) 

E9 mPEG-PPhe11-PGlu6 23 
12.7 
1.7 

- 11.9 
 52 (  8%) 
272 (92%) 

 55 (  6%) 
298 (94%) 

2.0 (0.3) 

       
[a] GPC analysis in THF against PS-standard. [b] 1H-NMR compositional analysis. [c] CMC fluorescence 

measurement. [d] DLS, intensity weighted diameter. [e] UV/Vis measurement applying the Liebermann-Burchard-

reagent.129  
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Desale et al. synthesized triblock copolymers with the composition of PEG–PGlu90–PPhe7 and 

PEG–PGlu90–PPhe25.
143 The authors observed aggregation of PEG–PGlu90–PPhe7 at aqueous 

concentrations higher than 1000 mg/L, whereas the critical micelle concentration of PEG–

PGlu90–PPhe25 was determined to 62.5 mg/L. Moreover, the cmc value of PEG–PPhe4 was 

found to be 950 mg/L. This indicates that the extent of the hydrophobic domain essentially 

affects the self-assembly process. The presence of large carboxylate moieties increases the 

water-solubility of the single polymers and thus affects the micellization event. The same trends 

have been observed in this project. The critical micelle concentrations were determined by 

measuring the fluorescence intensity of pyrene at varying polymer concentrations as well (Table 

2.8). According to the general trend, the obtained cmc values decrease for the polymers with 

higher hydrophobic content and all of them are located in the micromolar concentration range 

(SI-II, figure S175-S195). The occurrence of distinct cmc values indicates the self-assembly of 

single polymer chains into stable organized structures. Zeta potential measurements reveal 

slightly positive or negative charges for the amphiphilic A-C diblock copolymers. Since those 

values are close to zero and in addition considering static electric effects, the surface charges is 

probably neutral, according to the neutral polymer structure. In contrast to that, zeta potential 

values of the triblock copolymers reveal higher negative values arising from the domains of 

incorporated glutamic acids. Interestingly, those value vary (- 9 to -19 mV) although the PGlu 

block length is roughly the same. The hydrodynamic diameter of the self-assembled particles 

was measured by DLS. According to all other polymers, the bimodal size distribution is 

suggestive of the dominance of the bigger species, which significantly changes regarding the 

number (compare intensity vs number in Figure 2.22 for E4 mPEG-PGlu11-PIle28). 

Nevertheless, the isoleucine based polymers reveal particle sizes from 15 to 50 nm. The size 

remarkably decreases for longer PIle blocks (53 to 15 nm, and 43 to 34 nm) and also the position 

of PGlu in the polymer chain influences the size (43 nm for mPEG-PGlu9-PIle13 and 28 nm for 

mPEG-PIle11-PGlu10.5). This trend is vice versa in case of the PPhe polymers. The increase of 

the hydrophobic PPhe domain leads to increased particle sizes. As comparison, the triblock 

copolymer PEG113-PLys11-PPhe24 with a positive PLys segment self-assembles into polymer 

particles with a diameter of 48 nm.145 

2.7.4 Cholesterol absorption 

The polymers were applied in the standardized test systems (Figure 2.11) to quantify the amount 

of absorbed cholesterol (SI-II, figure S196-S204 and table S11). Even though the library of the 

synthesized amino acid based polymers is not extensive enough for the assessment of the whole 

polymer class, one trend is obvious. A hydrophobic content of approximately 33 mol % seems 
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to be optimal for high cholesterol absorption. Considering the amphiphilic copolymers, the 

increase of the PIle block length (22 to 32) leads to diminished cholesterol encapsulation (11.3 

vs 0.8 wt%), similar to the PPhe system, wherein the decrease of the PPhe block length (12 to 

9) reduces the cholesterol uptake (4.7 vs 1.2 wt%). The triblock copolymers follow the similar 

trend. For instance; mPEG-PGlu11-PIle28 possesses an inherent hydrophobic content of 

33 mol % and absorbs large amounts of cholesterol (14.3 wt%), whereas the other polymers 

with lower hydrophobic parts absorb less hydrophobic molecules (about 2 wt%). Nevertheless, 

a broader variety of polymeric structures might clarify this correlation and specify the most 

suitable block length. The effect of the preferable chemical nature (Ile vs Phe) onto cholesterol 

absorption could not be further specified. As comparison, PEG–PGlu90–PPhe25 was 

demonstrated to absorb 8.4 wt% of the cancer drug paclitaxel, however, the uptake method is 

tailored and not passive, including the incorporation of the anti-cancer pharmaceutical 

compound by the elaborated strategy using micelle extraction methods with a co-solvent.143 

2.7.5 Structural analysis after cholesterol absorption 

The cholesterol absorption experiments have markedly demonstrated the high capacity of 

selected polymer architectures to absorb cholesterol (Table 2.8, e.g. E1 and E4). The structural 

change of the polymeric particles after hydrophobic absorption was investigated with DLS, 

AUC, SAXS and TEM techniques (SI-II, figure S171-S195). 

DLS investigations (Table 2.8) of the polymers reveal bimodal size distribution (intensity 

weighted) of the cholesterol loaded particles, one small species ranging from 20 to 60 nm and 

one larger species from 200 to 300 nm. The larger species represent the intensity weighted 

majority. For E1 and E2 polymers, hydrodynamic diameters above 250 nm were obtained 

solely, whereas the scattering intensity of small species might be insufficient for their 

occurrence. However, small species were present in the DLS online measurement but do not 

appear in final results, presumably based on the low scattering intensities. According to DLS, 

the particle sizes slightly increase after cholesterol absorption in most of the cases, but remain 

in the lower nanometer size range. The particle size distribution is very polydisperse for 

cholesterol loaded polymers mPEG-PIle22 (PDi = 0.59) and relatively narrow for PEG-PIle32 

(PDi = 0.15). The increase of the isoleucine block length apparently results in smaller particle 

sizes and distributions, but also leads to an immense reduction of the absorbed cholesterol 

quantity (13.3 to 0.8 wt%). The hydrodynamic diameter of mPEG-PGlu11-PIle28 (E4) increases 

from 34 nm to 57 nm after cholesterol uptake (Figure 2.22, B). The significant increase 
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potentially arises from the large amount of absorbed hydrophobic molecules, namely 3.3 

cholesterol molecules per polymer chain in average (14.3 wt%).  

AUC analyses of E1 and E7 (Figure 2.21, A and B) and of E4 (Figure 2.22, A) were preformed 

to investigate the sedimentation behavior before and after cholesterol absorption. 

 

Figure 2.21. Non-diffusion corrected sedimentation coefficient distribution AUC measurements of native polymer 

dispersion and cholesterol loaded polymer dispersion. A) E1 mPEG-PIle22, B) E7 mPEG-PPhe12.  

The AUC analysis of E1 polymer (Figure 2.21, A) reveals one major peak but also broad 

shoulders and low intensities occurring at higher s values. This indicates the presence of a main 

species with a distinct shape combined with the less pronounced presence of bigger particles or 

agglomerates. Furthermore, cholesterol absorption does not induce significant structural 

changes of the particle. The dominance of one distinct particle species is the same for E7 

polymer as well (Figure 2.21, B). In this case, the cholesterol absorption of E7 results in a flat 

shape of the sedimentation profile, indicating the disappearance of bigger loose aggregates 

while adapting the characteristics of the major species. AUC analysis of mPEG-PGlu11-PIle28 

(E4) suggests the presence of only one major particle species and no significant structural 

changes after cholesterol encapsulation (Figure 2.22, A). 

Small angle X-ray scattering analyses reveal very small polymeric objects of the diblock 

copolymer type (E1, E2 and E7) in the size range of 5-7 nm in diameter and 20 nm for the 

triblock copolymer E4 (Table 2.9). According to the scattering data, the particle sizes after 

cholesterol absorption are slightly different but they are generally in the same dimension. The 

power-law slope values of the native polymer particles are close to q-4 suggesting spherical 

micelles with smooth surfaces. Cholesterol inclusion leads to slightly increased Q-values of the 

E2, E4 and E7 polymers. In contrast, the decrease of the Q-value of the E1 particles from 3.8 

to 2.7 after cholesterol uptake suggests the discontinuation of dense polymer alignment in the 

particle cores towards the formation of clustered polymer networks or spherical particles with 
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rough surfaces, however, suggesting the presence of spherical nanoobjects. This apparently 

arises from the incorporation of 2.5 cholesterol molecules (11 wt%) per chain into the particle 

core, leading to expanded core structures. 

 

Table 2.9. Determined Guinier parameters (radius of gyration rG and power-law slope Q) of the modelled SAXS 

data of E polymers before and after cholesterol absorption. 
 

Entry Polymer Radius of gyration rG1 [nm] Power-law slope Q1 

E1 

mPEG-PIle22 3.5 (±0.07) 3.81 (±0.4) 

+ Cholesterol 2.5 (±0.06) 2.67 (±0.1) 

E2 

mPEG-PIle32 2.4 (±0.04) 4.17 (±0.5) 

+ Cholesterol 2.8 (±0.04) 4.20 (±0.3) 

E4 

mPEG-PGlu11-PIle28 10.0 (±0.13) 3.70 (±1.3) 

+ Cholesterol 10.2 (±0.11) 4.02 (±1.2) 

E7 

mPEG-PPhe12 3.4 (±0.08) 4.09 (±0.4) 

+ Cholesterol 2.8 (±0.05) 4.89 (±0.6) 

 

The structural analysis of the E4 triblock copolymer is emphasized in Figure 2.22. According 

to AUC and SAXS analyses, mPEG-PGlu11-PIle28 self-assembles into spherical micelles with 

20 nm and the cholesterol absorption (14.3 wt%) does not change the particle shape and 

diameter. Nevertheless, the DLS measurements revealed a significant increase of the particle 

size while absorbing cholesterol from 34 to 57 nm (intensity weighted), which is less 

pronounced considering the number weighted size distribution (31 to 45 nm). Since DLS 

measurements underestimates the presence of smaller species, SAXS data might be more 

reliable. In addition, TEM analysis depicts the presence of small spherical associates in the size 

range between 10 and 20 nm besides bigger objects up to 50 nm, before and after cholesterol 

uptake. The “strawberry-like” morphology points towards the assembly of the small entities 

into particle superstructures, which occurs most-likely by drying as already indicated by other 

complementary analytical techniques suggesting the presence of only one small particle specie.  
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Figure 2.22. AUC, DLS and SAXS investigations of cholesterol absorption by E4 polymer (mPEG-PGlu11-PIle28). 

A) Non-diffusion corrected sedimentation coefficient distribution AUC measurement of native E4 dispersion and 

cholesterol loaded E4 dispersion. B) DLS measurements of native and cholesterol loaded E4 polymer showing the 

difference between intensity and number weighted distribution. C,D) Synchrotron-based SAXS analysis of native 

E4 polymer dispersion (C) and of cholesterol loaded E4 polymer dispersion (D). TEM analysis of native E4 

polymer dispersion (E) and of cholesterol loaded E4 polymer dispersion (F)   
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2.7.6 Conclusion 

In conclusion, screening the architectural library of hydrophobic amino acid based PEG-

peptides has highlighted the favorable triblock structure of the copolymer mPEG-PGlu11-PIle28. 

This polymer structure represents a promising system for cholesterol solubilization with the 

inherent capacity to absorb 14.3 wt% cholesterol molecules, while the morphology of the 

polymer micelles remains constant around 20 nm before and after cholesterol uptake. The 

interaction with calcium is described in Chapter 4. Furthermore, the amphiphilic diblock 

structure of mPEG-PIle22 was found to self-assemble into very small polymer micelles below 

10 nm in diameter, according to SAXS analysis, and the morphology is retained after the uptake 

of remarkable cholesterol quantities of 11 wt%. In general, the hydrophobic segment of 

polyisoleucine promotes the cholesterol solubilization to a higher extent than 

polyphenylalanine. 
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2.8 Double hydrophilic block copolymers 

The family of double hydrophilic block copolymers (DHBCs) in general represents a valuable 

system for binding charged ions or molecules, since the ionic segment mediates favorable 

interactions to targeted charged substances that are surrounded by a stabilizing palisade.62  

This section includes the synthesis of PEG-peptide based DHBCs with positively as well as 

negatively charged polyion blocks of polylysine and poly glutamic/aspartic acid, respectively. 

Those DHBCs potentially constitute one part of the binary approach including the application 

of a mixture of DHBCs (mPEG-PGlu) and amphiphilic block copolymers (mPEG-PLys(Chol)) 

for the solubilization of arterial plaques, whereby the specific chemical functions are separated 

onto two divided polymer chains instead of the combination in one backbone such as mPEG-

PGlu-PLys(Chol) (Figure 2.23). 

 

Figure 2.23. Separation of the functional segments on two polymer chains vs combined functional segments in 

one polymer chain. 

 

2.8.1 Synthesis 

The double hydrophilic block copolymers were synthesized in a ring-opening polymerization 

of the N-carboxyanhydrides of γ-methyl glutamic acid (MGlu-NCA), γ-benzyl aspartic acid 

(BzAsp-NCA) and carboxybenzyl-lysine (ZLys-NCA), respectively. Two mPEG-NH2 

macroinitiators were applied with molecular weights of 1900 g/mol (mPEG42-NH2) and 

5000 g/mol (mPEG113-NH2).   
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Different PEG-peptide backbones were synthesized by varying the stoichiometric monomer to 

initiator ratio and obtained as colorless solids after purification by precipitation from 

diethylether. The polymer compositions and the molecular weight distributions were 

determined by NMR and GPC analyses (SI-II, figure S205-S223) and are summarized below 

(Table 2.10).  

Table 2.10. Characterization data of synthesized side-chain protected diblock copolymers.  
 

Entry Polymer composition [a] 

Stoichiometric 

loading [b] 

[I] : [M1] 

PDi [c] 

 

Mw/Mn 

Mn (GPC) [c] 

Mp (GPC) 

[kg/mol] 

Mn (NMR) [a] 

 

[kg/mol] 

1 mPEG113-PMGlu11 1 : 15 1.09 
4.4 

5.7 
7.4 

2 mPEG113-PMGlu29 1 : 30 1.11 
5.5 

7.0 
11.4 

3 mPEG113-PBzAsp8 1 : 13 1.22 
5.2 

7.7 
6.6 

4 mPEG113-PBzAsp26 1 : 30 3.06 
1.1 

7.0 
9.7 

5 mPEG113-PZLys7.5 1 : 8 1.29 
5.3 

8.6 
7.0 

6 mPEG42-PZLys10 1 : 15 n.d. n.d. 4.5 

7 mPEG42-PZLys22 1 : 27 n.d. n.d. 7.7 

[a] Proton NMR compositional analysis. [b] Stoichiometric polymerization loading with mPEG-NH2 (I) as well as 

(M1) MGlu-NCA, BzAsp-NCA and ZLysNCA, respectively. [c] GPC analysis in THF against PS-standard. 

The monomer incorporation mostly proceeded in relatively good agreement with the 

stoichiometric monomer/initiator ratio, as determined by NMR compositional analysis. 

Furthermore, GPC analyses reveal narrow molecular weight distributions of the side-chain 

protected block copolymers (ᴆ = 1.09 - 1.34), except of mPEG113-PBzAsp26 (ᴆ = 3.06) 

indicating side reactions and the presence of oligomers of aspartic acid. The discrepancy in Mn 

values (NMR vs GPC) might arise from the PS calibration standard as well as the usage of THF, 

which is a moderate solvent for PEG.  

The benzylic and methyl protection groups of the synthesized block copolymers were cleaved 

in a trifluoroacetic acid/hydrobromic acid mixture (for the Bz and Z protection group) and in 

alkaline sodium hydroxide solution (for the methoxy protection group). Precipitation from 

diethylether and exhaustive dialysis (MWCO = 1000 g/mol) against water led to purified 

DHBCs that have been obtained after lyophilization as colorless powders. Proton NMR and 

ATR-IR analyses confirmed the cleavage of the protection groups (Figure 2.24, absence of 

methyl ester signal (7) at 3.79 ppm and SI-II, figure S205-S223).  
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Figure 2.24. Proton NMR analysis of methylester protected mPEG-MGlu (top) and deprotected mPEG-Glu 

(bottom). 

 

To this end, a small library of double hydrophilic block copolymers was obtained with varying 

molecular weights of both segments and different contents of pendent functional groups such 

as carboxylates and amines. (Table 2.11). Parts of the DHBCs were applied in further 

experiments in order to investigate the affinity to bind calcium and to solubilize hydroxyapatite 

(Chapter 4). 

Table 2.11. Characterization data of synthesized double hydrophilic diblock copolymers. 
 

Entry Polymer composition [a] 

Amount of 

carboxylates/amines 

[mol%] [a] 

Mn (NMR) [a] 

 

[kg/mol] 

I1 mPEG113-PGlu11 22 6.4 

I2 mPEG113-PGlu27 43 8.7 

I3 mPEG113-PAsp8 15 5.9 

I4 mPEG113-PAsp23 34 7.6 

I5 mPEG113-PAsp33 43 8.7 

I6 mPEG113-PLys7 15 5.9 

I7 mPEG42-PLys15 52 4.0 

I8 mPEG42-PLys25 63 5.1 

        [a] Proton NMR compositional analysis. 
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2.9 Conclusive summary of Chapter 2 

This chapter includes the synthesis and characterization of PEG-peptide based multifunctional 

block copolymers, the structural analysis of the colloidal dispersions and the investigations on 

the polymers ability to solubilize and encapsulate hydrophobic as well as ionic compounds. In 

general, favorable polymer structures provide a high capacity for cholesterol absorption and 

self-assemble into polymer particle whereby the sizes of the cargo particles are smaller than 

40 nm. To identify the best parameters, a variety of block copolymers has been synthesized 

with different architectures varying in the type, the chemical nature of the distinct segments and 

the block lengths. The most promising polymer architectures of each PEG-peptide family are 

composed in Table 2.12. 

Table 2.12. Synthesized multifunctional copolymers, structural analytical data in deionized water and cholesterol 

absorption. 
 

Entry Copolymers 
Morphology of the particles Cholesterol 

uptake 
[wt%] Native particles Cargo particles 

  A3 mPEG113-PGlu12-PLys11(Chol)4.0 16 nm micelles 21 nm micelles 6.3 (1.4) 

  B3 mPEG113-PAsp8-PLys7(Chol)3 > 100 nm particles > 150 nm particles 3.4 (0.3) 

  C4 mPEG42-PAsp14-PLys12(Chol)5 > 200 nm particles > 100 nm particles 5.9 (0.3) 

  D7 mPEG113-PGlu12-PLys11(Cetyl)3.8 n.d. n.d. n.d. 

  E4 mPEG113-PGlu11-PIle28 20 nm micelles 21 nm micelles 14.3 (3.3) 

        

The architectural screening process of different PEG-peptides revealed the highest potential for 

the hydrophobic amino acid based polymers with the composition mPEG113-PGlu11-PIle28 for 

solubilizing atherosclerotic plaques, since the polymer particles absorb cholesterol molecules 

up to 14.3 wt% while forming cargo micelles with a particle size of 21 nm. The cholesteryl-

modified triblock copolymer mPEG113-PGlu12-PLys11(Chol)4.0 also forms small cholesterol 

loaded particles (21 nm micelles) but the hydrophobic encapsulation is significantly smaller. 

The screening revealed further that the replacement of PGlu by PAsp in the polyanionic 

segment results in a downgrade of the desired particle properties regarding the reduced 

cholesterol uptake and the increased particle sizes. Moreover, replacing cholesteryl moieties by 

long aliphatic cetyl chains impedes the water-solubility and thus the polymer class is unsuitable 

for the application. 
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2.10 Experimental Section PEG-Peptides 

2.10.1 Materials and Methods 

     Materials  

Chemicals and solvents were purchased from different suppliers and used as received, if not noted otherwise. α-

hydroxyl-ω-methoxy-poly(ethylene glycol) (Mn = 5000 g/mol), α-hydroxyl-ω-methoxy-poly(ethylene glycol) 

(Mn = 1900 g/mol), triphenylphosphine (99 %), phthalimide (> 99 %), diisopropyl azodicarboxylate (98 %), 64 

wt% solution of hydrazine monohydrate (98 %), γ-methyl L-glutamate (> 99 %), γ-benzyl-L-glutamate (> 99 %), 

Nε-benzyloxycarbonyl-L-lysine (98 %), γ-benzyl L-aspartate (> 99 %), L-Phenylalanine (> 98 %), L-Isoleucine 

(> 98 %), triphosgene (98 %), N,N-dimethylformamide, anhydrous (99.8 %), trifluoroacetic acid (99 %), 

hydrobromic acid (33 wt% in acetic acid), cholesteryl chloroformate (95 %), cholesterol (> 99 %), Sudan III (1-

[4-(Phenylazo)phenylazo]-2-naphthol) (analytical standard), n-hexane (> 99 %), dimethylformamid (> 99 %), 

toluene (> 99.9 %), acetonitrile (99.9 %), chloroform (> 99 %) dichloromethane (>99.9 %), hydroxyapatite 

(reagent grade), potassium carbonate (> 99.99 %), κ-carrageenan and aqueous calcium chloride solution (1M) 

were purchased by Aldrich. Calcium hydride (93%) and pyridine (> 99 %) were purchased by Acros. 

Tetrahydrofuran (> 99 %) was purchased by GPR Rectapure. Dimethylsulfoxid (> 99.8 %) was purchased by Carl 

Roth GmbH. Triethylamine (> 99 %), dodecanol (> 98 %), and cetylalcohol (> 95 %), was purchased by Merck. 

Ethyl acetate (99.9 %), ethanol (> 99.9 %) and acetone (> 99.8 %) were purchased by VWR Chemicals. 

Poly(ethylene glycol) methyl ether (mPEG) was further purified by heating to 80°C in vacuum to remove the 

residual water. Tetrahydrofuran (THF) was distilled from blue sodium / benzophenone ketyl and ethyl acetate from 

phosphorous pentoxide. Dimethylformamid (DMF) was dried with calcium hydride and distilled. THF, ethyl 

acetate and DMF anhydrous was stored under nitrogen over molecular sieve (3A) prior to use. All other solvents 

were commercial grade. 

     Methods 

General Methods. Chemicals and reactions, which are sensitive to moisture or air were kept under nitrogen 

applying the Schlenk - line technique. Milli-Q water was prepared by Milli-Q Millipore Direct 8 system and 

employed in all investigations performed in aqueous medium. General production of polymer dispersion. In 

general, polymer dispersions were used for further investigation. For manufacturing a 0.05 wt% dispersion e.g., 

10 mg of polymer was mixed with 20 mL Milli-Q water and stirred for 2 days, resulting in a turbid or a translucent 

dispersion depending on the polymer species. General preparation of cholesterol-loaded polymer aggregates. 

The polymer dispersion was produced as reported above. 10 mg of cholesterol was added to the polymer 

dispersions. After stirring overnight, the free cholesterol was removed by filtration over a glass frit with a porosity 

of 16 microns, allowing only the permeation of cholesterol loaded polymer particles. The filtrated dispersion was 

freeze-dried, yielding a white powder. The entrapped cholesterol was extracted by trituration with diethylether and 

quantified with the Liebermann-Burchard reagent. General preparation of Liebermann-Burchard reagent. 20 

parts of acetic acid anhydride was cooled in an ice-bath. 1 part conc. sulfuric acid was added and the solution was 

stirred at 0°C for 9 min. 10 parts acetic acid was added and the solution was allowed to warm to room temperature. 

6 mL of the solution was added to the cholesterol samples and altered for 40 min prior to UV/Vis measurements. 

General investigation of the calcium absorption. The polymer dispersion was produced as reported above. 1 

mL of 1M Cacl2 solution was added to the polymer dispersions. After stirring overnight, the dispersion was 

centrifuged at 9000 rpm for 60 minutes. The non-bounded calcium ions were removed via decantation of the 

supernatant. The solid sediment was re-dispersed in water and again centrifuged in order to wash the calcium 

absorbed polymer. A polymer stock solution was prepared by adding 2.1 mL Milli-Q to the polymer sediment, 

which was then analyzed by atomic absorption spectroscopy (AAS) regarding the calcium content. Blood-

imitating ionic solution. For preparing the blood-imitating ionic solution, NaHCO3 (1.37 g, 16.31 mmol) MgCl2 

(0.15 g, 1.1 mmol), Cacl2 (0.28 g, 2.52 mmol), NaH2PO4 (0.17 g, 1.38 mmol), KCl (0.35 g, 4.69 mmol) and NaCl 

(7.88 g, 134.85 mmol) was dissolved in 1 L Milli-Q. Artificial arteriosclerotic plaque. Κ-Carrageenan (139 mg) 

was intermixed with cholesterol (10 mg) and hydroxyapatite (10 mg). Gelation was induced by adding 3 mL 

potassium chloride solution (0.1 M), resulting in a 4 wt% opaque gel which is pervaded with fatty and mineral 
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compounds. AAS. Atomic absorption spectroscopy for calcium quantification was performed on a Perkin-Elmer 

1100B Atomic Absorption Spectrophotometer using a Perkin Elmer IntensitronTM lamp in an acetylene/oxygen 

flame. A freshly titrated calcium chloride standard solution (1000 ppm) was used for the preparation of 1, 3 and 5 

ppm solutions. Based on the measured absorbance, a calibration curve can be plotted. The dispersions of calcium 

loaded polymer aggregates were diluted until a calcium concentration with an absorbance which ranges in the 

linear area of the calibration curve. Each analyte was replicated three times and the calibration solutions were 

prepared freshly. ATR-IR. Attenuated total reflection infrared spectroscopy was measured on Perkin Elmer 

Spectrum spectrometer equipped with an universal ATR sampling accessory. AUC. Analytical ultracentrifugation 

sedimentation velocity experiments were performed on a Beckman-Coulter XL-I using the Rayleigh interference 

optics at 25 °C. 0.1 wt% native and cholesterol-loaded polymer dispersions were prepared as usual and were 

centrifuged at 3000 rpm for 5 min to separate agglomerates. CMC Fluorescent measurements. 5 mL samples of 

dispersions with varying polymer concentration (e.g. 1.00; 0.5; 0.25; 0.12; 0.06; 0.03; 0.02; 0.01; 0.005; 0.003; 

0.002 and 0.001 mg/mL) and a constant pyrene concentration of 5x10-7 M were stirred for 2 h at 50°C and 15 h at 

25°C in the dark. Fluorescence spectra were recorded on a FluoTime300 Fluorescence Spectrometer of PicoQuant, 

measuring extinction spectra from 300-360 nm with λex = 390 nm. CryoTEM. For cryogenic transmission electron 

microscopy, specimens were quick-frozen with liquid ethane and examined at temperatures around 90 K with a 

Zeiss/LEO EM922 Omega TEM. DSC. Differential scanning calorimetry was measured on a Netzsch DSC 204 

F1 with a heating and cooling rate of 10 K/min in a temperature range of -50 to 160°C. All data are referred to the 

second heating cycle. DLS. Particle sizes of G1 polymers were measured on dynamic light scattering apparatus 

equipped with Soliton Helium-Neon (HeNe) Laser with a wavelength of 633 nm and maximal power of 35 mW 

at 20°C. G2 polymers were carried out on a Zetasizer Nano ZSP (Malvern Instrument, Malvern, U.K.) using a 

He/Ne laser (λ = 633 nm) and a scattering angle of 173°. Elemental Analysis. Elemental analyses were performed 

on an Elementar Vario EL instrument up to 950 °C. GPC. Gel permeation chromatography was performed on PL-

GPC 050 (Polymer Laboratories) at 50°C, equipped with an RI detector. Separation was achieved using 2 x PLgel 

5 µm MIXED-C column, 300 x 7.5 mm (Agilent Technologies) at a flow rate of 1 mL/min. Data are referenced to 

narrow polystyrene standard. NMR. NMR spectroscopy was measured on Bruker Avance III 400 equipped with 

a BBFO plus probe at 20°C and 400 MHz. 1H and 13C chemical shifts were referenced to the middle solvent signals 

(δ = 2.50 / 39.52; DMSO-d6), (δ = 7.26 / 77.16; CDCl3) or (δ = 11.5 / ; TFA-d). The 1H NMR spectra of polymer 

conjugates were measured with a relaxation delay of 6 s and an acquisition time of 4 s. Data were processed and 

analyzed using MestReNova software. SAXS. Small Angle X-ray Scattering experiments were carried out at the 

BM29 BioSAXS Beamline at ESRF Synchrotron Grenoble (France). A Pilatus 1M detector set at 2.849 from 

samples corresponding to a q-range of 0.025 - 5 nm-1 at an incident X-ray energy of 12.5 keV. Samples were 

carried through the beam in a quartz capillary as part of automated sample changer thermostated at 25 ˚C. 20 scans 

of 2 seconds were recorded for each sample in order to limit irradiation damage. In between each sample, quartz 

capillary was automatically cleaned, a new background of MilliQ water was recorded. The 20 individual scans for 

each sample were independently plotted in Primus software (ATSAS package) and the scans presenting irradiation 

damage discarded. Remaining scans were averaged, background subtracted using water standard then normalized 

by beam-stop intensity to yield scattering intensity as an absolute value. TEM. Transmission electron microscopy 

was performed on a Zeiss Libra 120 EF-TEM instrument operating at 120 kV. Samples were prepared by 

application of a drop of aqueous particle dispersion (0.05 wt%) to a carbon-coated grid and evaporation of water. 

Titration experiments: Titration experiments were carried out using a commercially available titration setup 

manufactured by Methrom. Calcium addition to polymer dispersions was varied to asses bound calcium by A2 

and A3. Zeta potential measurements. Zeta potential was measured on a Malvern Instruments Zetasizer Nano-

ZS Zen3600. Zeta potential measurements were carried out with as-prepared polymer dispersions in Milli-Q water 

(0.1 wt%).  
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2.10.2 Pre-Polymerization Syntheses 

I. Synthesis of mPEG-NH2 macroinitiators 126 

o Synthesis of mPEG-NH2 α-amino-ω-methoxy-poly(ethylene glycol) (Mn = 5000 g/mol) 

a) Mitsunobu-reaction to receive of α-phthalimido-ω-methoxy-poly(ethylene glycol) 

 

Poly(ethylene glycol) methyl ether (mPEG) was heated to 80°C and dried under vacuum in order to remove the 

residual water. The dried poly(ethylene glycol) methyl ether (mPEG 5000) (25.000 g, 5 mmol), triphenylphosphine 

(3.940 g, 15 mmol) and phthalimide (2.200 g, 15 mmol) were dissolved in 200 mL anhydrous THF in a 500 mL 

flask. Additionally, a solution of diisopropyl azodicarboxylate (DIAD) (2.95 mL, 15 mmol) in 5 mL anhydrous 

THF was added dropwise. The reaction mixture was stirred for 7d at RT under N2-atmosphere. THF was removed 

via rotary evaporator. The oily yellow residue was dissolved in water and the precipitate was separated by filtration. 

After washing the aqueous phase twice with diethyl ether, water was removed under reduced pressure. The product 

was vacuum-dried at 40°C, yielding a colorless oily residue (25.200 g, 4.9 mmol, 98%). 1H-NMR (400 MHz, 

CDCl3): δ = 7.70 – 8.50 (m, 3.91H, H6-7), 3.89 (t, 2.83H, H5), 3.73 (t, 2.04H, H4), 3.64 (m, 452H, H2-3), 3.37 (s, 

3H, H1). 

b) Hydrazinolysis of α-phthalimido-ω-methoxy-poly(ethylene glycol) 

 

The reaction mixture of α-phthalimido-ω-methoxy-poly(ethylene glycol) (25.200 g, 4.9 mmol), 90 mL ethanol and 

a hydrazine monohydrate solution (64 wt%, 3.833 g, 49 mmol) was heated to reflux for 4h, giving a colorless 

solution. After cooling to RT, the pH was adjusted to 1-2 by adding concentrated hydrochloric acid. The 

precipitating colorless phthalimido-hydrazine salt was separated by filtration. Ethanol was removed under reduced 

pressure and the residue was dissolved in water. The grey, opaque solution became clear after adjusting the pH-

value to 10 by adding a saturated solution of sodium hydroxide. The product was extracted with dichloromethane, 

the organic layer was dried over anhydrous magnesium sulphate and removed via rotary evaporator. The residue 

was diluted with water and washed twice with diethyl ether. After removing the water, the product was purified 

by dissolution in DCM at pH of 10 and subsequent precipitation in diethyl ether. The product was obtained as a 

colorless powder (21.070 g, 4.2 mmol, 86%). 1H-NMR (400 MHz, CDCl3): δ = 3.64 (m, 452H, H2-4), 3.37 (s, 3H, 

H1), 2.91 (t, 1.75H, H5). 13C-NMR (400 MHz, CDCl3): δ = 72.9 (C4), 70.6 (C2-3), 59.8 (C1), 41.5 (C5). GPC (50°C, 

THF): MW/MN = 1.07. 
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o Synthesis of mPEG-NH2 α-amino-ω-methoxy-poly(ethylene glycol) (Mn = 1900 g/mol) 

a) Mitsunobu-reaction to receive of α-phthalimido-ω-methoxy-poly(ethylene glycol) 

 

Poly(ethylene glycol) methyl ether (mPEG 1900) (9.500 g, 5 mmol), triphenylphosphine (3.940 g, 15 mmol) and 

phthalimide (2.200 g, 15 mmol), diisopropyl azodicarboxylate (DIAD, 94%) (3.033 mL, 15 mmol) in 400 mL 

anhydrous THF were used in a reaction as described above. A colorless oily residue was obtained (9.2 g, 

4.47 mmol, 89 %). 1H-NMR (400 MHz, CDCl3): δ = 7.70 – 8.50 (m, 3.98H, H6-7), 3.89 (t, 2.02H, H5), 3.73 (t, 

2.30H, H4), 3.64 (m, 172H, H2-3), 3.37 (s, 3H, H1). 

b) Hydrazinolysis of α-phthalimido-ω-methoxy-poly(ethylene glycol) 

 

α-phthalimido-ω-methoxy-poly(ethylene glycol) (9.150 g, 4.47 mmol), 90 mL ethanol and a hydrazine 

monohydrate solution (64 wt%, 3.91 g, 50 mmol) were used in a reaction as described above. A white powder was 

obtained (7.775 g, 4.09 mmol, 82 %). 1H-NMR (400 MHz, CDCl3): δ = 3.64 (m, 172H, H2-4), 3.37 (s, 3H, H1), 

2.91 (t, 2H, H5). 13C-NMR (400 MHz, CDCl3): δ = 72.9 (C4), 70.6 (C2-3), 59.8 (C1), 41.5 (C5). GPC (50°C, THF): 

MW/MN = 1.29. 

II. Syntheses of NCA-monomers 124 

a) Synthesis of γ-methyl-L-glutamic acid-N-carboxyanhydride (MGlu-NCA)  

 

In a 500 mL Schlenk-tube, γ-methyl L-glutamate (15.00 g, 77.56 mmol) was degassed and flushed with nitrogen 

for three times. The solid was suspended in 350 mL dry THF. Triphosgene (7.21 g, 31.02 mmol, 1.2 eq.) was 

added and the oil bath temperature was increased to 50°C. After ca. 1 hour, the suspension became translucent. 

The evolved hydrogen chloride was directed through a bubble counter into saturated sodium hydroxide solution. 

After 4 hours reaction time, N2 was bubbled through the solution for a few minutes to remove excess phosgene. 

The translucent solution was concentrated to about 80 mL under reduced pressure and subsequently precipitated 

moderately in 600 mL n-hexane. The crude product was further purified by recrystallization in dry ethyl acetate. 

The colorless solid was dried under vacuum (12.088 g, 64.3 mmol, 83 %). The solid was stored under nitrogen at 

-20°C prior to use. 1H-NMR (400 MHZ, CDCl3): δ = 6.41 (s, 0.99H, H8), 4.40 (t; 0.98H; H4), 3.72 (s; 2.85H; H1), 

2.57 (t; 2.0 H; H2), 2.28/2.13 (q; 2.09 H; H3). ). 13C-NMR (400 MHz, CDCl3): δ = 173.2 (C5), 169.4 (C6), 151.7 

(C7), 57.2 (C4), 52.4 (C1), 29.9 (C2), 27.1 (C3). ATR-IR (cm-1): ν = 1704 (Ester), 1770 (NCA), 1850 (NCA). 

Elemental analysis C7H9NO5 (M = 187.15 g/mol): calculated C 44.92; H 4.85; N 7.48; found C 45.76; H 4.94; N 

7.86. 
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b) Synthesis of γ-benzyl-L-glutamic acid-N-carboxyanhydride (BzGlu-NCA)  

 

γ-benzyl L-glutamate (15.00 g, 63.2 mmol) and Triphosgene (7.508 g, 25.3 mmol, 1.2 eq.) in 350 mL dry THF 

were used for reaction as described above. The crude product was further purified by recrystallization in dry ethyl 

acetate. The colorless solid was dried under vacuum (14.806 g, 56.3 mmol, 89 %). 1H-NMR (400 MHz, CDCl3): 

δ = 7.37 (m, 4.59H, H6), 6.31 (s, 0.88H, H1) 5.14 (s, 2H, H5) 4.73 (t, 1H, H2), 2.60 (t, 1.97H, H4), 2.28 (m, 1.05H, 

H3), 2.13 (m, 1.05H, H3). ). 13C{1H}compounds-NMR (400 MHz, CDCl3): δ = 172.6 (C8), 169.4 (C9), 151.7 (C10) 

,135.3 (C7), 128.6-128.9 (C6), 67.3 (C5), 57.2 (C2), 30.2 (C4), 27.1 (C3). ATR-IR (cm-1): ν = 1719 (Ester), 1773 

(NCA), 1850 (NCA). Elemental analysis for C13H13NO5 (M = 263.53 g/mol): calculated: 59.31 % C, 5.32 % H, 

4.98 % N, 30.39 % O; found: 59.14 % C, 5.57 % H, 5.13 % N, 30.16 % O. 

 

c) Synthesis of γ-benzyl-L-aspartic acid-N-carboxyanhydride (BzAsp-NCA)  

 

γ-benzyl L-aspartate (14.108 g, 63.2 mmol) and triphosgene (7.508 g, 25.3 mmol, 1.2 eq.) in 350 mL dry THF 

were used for reaction as described above. A colorless powder was obtained (14.04 g, 60.0 mmol, 95 %). 1H-NMR 

(400 MHz, CDCl3): δ = 7.35 (m, 4.98H, H5), 6.22 (s, 0.88H, H1) 5.19 (s, 2.05H, H4) 4.60 (m, 1H, H2), 3.07 (m, 

1.02H, H3), 2.88 (m, 1.03H, H3). 13C{1H}-NMR (400 MHz, CDCl3): δ = 169.5 (C7), 168.4 (C8), 151.4 (C9), 134.8 

(C6), 128.6-128.9 (C5), 67.3 (C4), 54.0 (C2), 36.2 (C3). ATR-IR (cm-1): ν = 1496 (benzyl), 1723 (Ester), 1783 

(NCA), 1850 (NCA).  

d) Synthesis of Nε-benzyloxycarbonyl-L-lysine-N-carboxyanhydride (ZLys-NCA) 

 

Nε-benzyloxycarbonyl-L-lysine (20.90 g, 74.6 mmol) and triphosgene (8.890 g, 29.8 mmol, 1.2 eq.) in 450 mL dry 

THF were used for reaction as described above. The crude product was further purified by recrystallization in dry 

ethyl acetate. The flaked colorless solid was dried under vacuum (20.859 g, 68.1 mmol, 91 %). 1H-NMR (400 

MHz, DMSO-d6): δ = 9.07 (s, 0.85, H7), 7.33 (m, 4.80H, H9), 7.22 (s, 0.81H, H1), 4.99 (s, 2H, H8), 4.40 (t, 1H, 

H2), 2.99 (q, 2H, H6), 1.68 (m, 2H, H5), 1.20 – 1.45 (m, 4H, H3-4). 13C{1H}-NMR (400 MHz, DMSO-d6): δ = 171.6 

(C12), 156.1 (C11), 151.9 (C13), 137.2 (C10), 127-128 (C9), 65.1 (C8), 57.0 (C2), 40.1 (C6), 30.6 (C3), 28.7 (C5), 21.6 

(C4). ATR-IR (cm-1): ν = 1530 (amide), 1686 (carbamate), 1772 (NCA), 1850 (NCA). Elemental analysis for 

C15H18N2O5 (M = 306.32 g/mol): calculated: 58.82 %C, 5.92 % H, 9.15 % N, 26.11 % O; found: 58.04 % C, 6.17 

% H, 9.20 % N, 26.59 % O. 
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e) Synthesis of L-Phenylalanine N-carboxyanhydride (Phe-NCA)  

 

L-Phenylalanine (6.750 g; 40.86 mmol) and triphosgene (4.850 g, 16.34 mmol, 1.2 eq.) in dry THF (400 mL) were 

used for reaction as described above. A colorless powder was obtained (6.740 g, 35.2 mmol, 86%). 1H-NMR (400 

MHZ, CDCl3): δ = 7.2-7.3 (m, 4.98H; H3), 5.78 (s, 0.96H, H5), 4.55 (d, 0.99H, H2), 3.0 (t, 1.05H, H1). 13C{1H}-

NMR (400 MHz, CDCl3): δ = 168.7 (C6), 151.6 (C7), 134.1 (C4), 128-129 (C3), 58.9 (C1), 38.1 (C2). ATR-IR (cm-

1): ν = 1500 (Phenyl), 1768 (NCA), 1850 (NCA). Elemental analysis C10H9NO3 (M = 191.19 g/mol): calculated: 

C 62.82 %; H 4.75 %; N 7.33 %; found C 62.83 %; H 4,81 %; N 7.42 %. 

e) Synthesis of L-Isoleucine N-carboxyanhydride (Ile-NCA)  

 

L-Isoleucine (12.502 g, 95.3 mmol) and triphosgene (11.31 g, 38.1 mmol, 1.2 eq.) in dry THF (400 mL) were used 

for reaction as described above. A colorless powder was obtained (7.9 g, 50.2 mmol, 53 %). 1H-NMR (400 MHz, 

CDCl3): δ = 6.91 (br s, 0.94H, H7), 4.26 (d, 0.91H, H5), 1.96 (sp, 1H, H3), 1.51 (hep, 1H, H2), 1.35 (hep, 1H, H2’) 

1.06 (d, 3H, H4), 0.96 (t, 3H, H1). ). 13C{1H}-NMR (400 MHz, CDCl3): δ = 168.8 (C6), 153.4 (C8), 62.5 (C5), 37.5 

(C3), 24.4 (C2), 14.9 (C4), 11.5 (C1). ATR-IR (cm-1): ν = 1764 (NCA), 1850 (NCA). Elemental analysis C7H11NO3 

(M = 157.17 g/mol): calculated: C 53.49 %, H 7.05 %, N 9.81 %; found C 53.6 %, H 7.02 %, N 9.10 %. 

2.10.3 (A) mPEG-PGlu-PLys(Chol)  

A) General procedure of the synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-benzyl-glutamic acid) (mPEG-

b-PBzGlu) 

 

γ-benzyl L glutamic acid-N-carboxyanhydride (BzGlu-NCA) (0.632 g, 2.4 mmol, 12 eq.) was dissolved in 38 mL 

anhydrous DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-ω-methoxy-poly(ethylene glycol) (1.000 

g, 0.2 mmol) was dissolved in 8 mL DMF and injected into monomer-solution. The polymerization reaction was 

stirred under N2-atmosphere and RT for 5 days and was evacuated three times a day in order to remove evolving 

CO2. The absence of gas development indicated a complete conversion. Traces of the reaction mixture were 

recrystallized from diethylether to analyze the intermediate. The residual reaction mixture was consequently used 

for the synthesis of mPEG-b-PBzGlu-b-PZLys. 

A-a mPEG-b-PBzGlu12: 1H-NMR (400 MHz, TFA-d): δ = 7.25 (m, 61.59H, H8), 5.12 (s, 24.16H, H7) 4.71 (m, 

11.18H, H4), 3.90 (m, 452H, H2-3), 3.56 (s, 3H, H1), 2.49 (t, 24.82H, H6), 1.99-2.20 (m, 24.64H, H5). 
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B) General procedure of the synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-benzyl-glutamic acid)-b-

poly(Nε-benzyloxycarbonyl-lysine) (mPEG-b-PBzGlu-b-PZLys) 

 

Nε-benzyloxycarbonyl-L-lysine-N-carboxyanhydride (12 eq.) was dissolved in 10 mL anhydrous DMF and 

injected into freshly prepared mPEG-b-PBGlu12 solution. After the reaction time of 5 days under nitrogen 

atmosphere at RT and threefold CO2-removal a day, the crude product was recrystallized from ice-cooled 

diethylether. The crude product was dissolved in chloroform and recrystallized from diethylether. The product was 

obtained as a colorless solid (78-95%).  

A-b mPEG-b-PBzGlu12-b-PZLys11.5: 1H-NMR (400 MHz, TFA-d): δ = 7.30 (m, 116.15H, H8+15), 5.17 (m, 44.16H, 

H7+14), 4.73 (m, 11.44H, H4), 4.57 (m, 11.33H, H9), 3.95 (m, 452H, H2-3), 3.61 (s, 3H, H1), 3.25 (m, 22.89H, H13), 

2.54 (t, 26.38H, H6), 2.04-2.26 (m, 24.91H, H5), 1.53-1.81 (m, 71.49, H10-12). GPC Mp = 8419 g/mol; Mw(calc.) = 

10371 g/mol; PD = 1.13. 

C) General procedure of the synthesis of methoxy-poly(ethylene glycol)-b-poly(glutamic acid)-b-poly(lysine) 

(mPEG-b-PGlu-b-PLys) 

 

mPEG-b-PBzGlu12-b-PZLys11 (5.3 g, 0.498 mmol) was dissolved in trifluoroacetic acid (25 mL) and cooled to 

0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added dropwise. The 

yellow solution was stirred for 20 min at 0°C. After another 40 min at RT, the reaction mixture was precipitated 

in 150 mL diethylether. The suspension was centrifuged (6000 rpm, 6 min) and the supernatant was separated. 

The precipitate was dried under vacuum. The crude product was neutralized with sodium hydroxide and further 

purified by dialysis (MWCO 5000) against deionized water. The solvent was removed under reduced pressure and 

the product was freeze-dried (2.46 g, 0.307 mmol, 62 %). 

A-c mPEG-b-PGlu12-b-PLys11: 1H-NMR (400 MHz, TFA-d): δ = 4.88 (m, 11.73H, H4), 4.67 (m, 10.28H, H9), 

3.95 (m, 452H, H2-3), 3.62 (s, 3H, H1), 3.28 (m, 21.77H, H13), 2.68 (t, 23.81H, H6), 2.21-2.36 (m, 27.08H, H5), 

1.63-1.90 (m, 67.67H, H10-12). 
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D) General procedure of the synthesis of methoxy-poly(ethylene glycol)-b-poly(glutamic acid)-b-poly(lysine)-

cholesteryl (mPEG-b-PGlu12-b-PLys11(Chol)) 

 

mPEG-b-PGlu12-b-PLys11 and potassium carbonate (1.3 eq. per lysine) was dissolved in 10 mL water in a 100 mL 

flask. Cholesteryl chloroformate (0.3 - 4 eq. per lysine) was dissolved in 20 mL acetone and added dropwise to 

the aqueous solution. The opaque suspension was stirred for five days at RT. Dialysis against methanol and water 

(MWCO = 3500 g/mol) removed excess salt and additionally washed with three times with 100 mL diethylether. 

The aqueous phase was freeze-dried and the colorless solid was dispersed in diethylether to remove excess 

cholesterol starting material completely. Filtration and vacuum drying yielded a colorless powder, which was 

triturated with diethylether again. Filtration and drying yields the purified product (71-90 %). 

A1 mPEG-b-PGlu12-b-PLys11(Chol)0.5: 1H-NMR (600 MHz, CDCl3): 5.33 (m, 3.18H, H15), 3.64 (m, 452H, H2-3), 

3.36 (s, 3H, H1), 0.86 (dd, 3.16H, H16-17), 0.67 (s, 1.5H, H18). 

A2 mPEG-b-PGlu12-b-PLys11(Chol)1.5: 1H-NMR (600 MHz, CDCl3): 5.35 (m, 2.73H, H15), 4.44 (m, 8.67H, H14), 

3.64 (m, 452H, H2-3), 3.36 (s, 3H, H1), 0.91 (d, 5.84, H19), 0.86 (dd, 10.79H, H16-17), 0.67 (s, 4.51H, H18). 

A3 mPEG-b-PGlu12-b-PLys11(Chol)4.0: 1H-NMR (600 MHz, CDCl3): 5.35 (m, 7.53H, H15), 4.47 (m, 9.39H, H14), 

3.64 (m, 452H, H2-3), 3.36 (s, 3H, H1), 3.25 (m, 14.65H, H13), 0.91 (d, 17.35H, H19), 0.86 (dd, 38.54H, H16-17), 0.67 

(s, 12.14H, H18). 

A4 mPEG-b-PGlu12-b-PLys11(Chol)7.5: 1H-NMR (600 MHz, CDCl3): 5.35 (m, 11.33H, H15), 4.45 (m, 10.87H, 

H14), 3.64 (m, 452H, H2-3), 3.36 (s, 3.06H, H1), 3.12 (m, 20.88H, H13), 0.91 (d, 28.91H, H19), 0.86 (dd, 63.87H, 

H16-17), 0.67 (s, 22.43H, H18). 

A5 mPEG-b-PGlu12-b-PLys11(Chol)11: 1H-NMR (600 MHz, CDCl3): 5.35 (m, 10.97H, H15), 4.45 (m, 12.20H, 

H14), 3.64 (m, 452H, H2-3), 3.36 (s, 3.06H, H1), 3.12 (m, 22.37H, H13), 0.91 (d, 33.71H, H19), 0.86 (dd, 66.25H, 

H16-17), 0.67 (s, 32.44H, H18). 
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2.10.4 (B) mPEG113-PAsp-PLys(Chol) 

B1-B3 mPEG113-PAsp8-PLys7(Chol)1.1-3.0 

A) Synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-benzyl-aspartic acid)-b-poly(Nε-benzyloxycarbonyl-

lysine) (mPEG-PBzAsp-PZLys) 

 

For detailed polymerization procedure see 2.10.3 a) and b). α-amino-ω-methoxy-poly(ethylene glycol) (Mw = 5000 

g/mol, 1.5 g, 0.3 mmol), γ-benzyl L aspartic acid-N-carboxyanhydride (BzAsp-NCA) (0.97 g, 3.9 mmol, 13 eq.), 

Nε-benzyloxycarbonyl-L-lysine-N-carboxyanhydride (0.735 g, 2.4 mmol, 8 eq.), 40 mL anhydrous DMF. 

mPEG-PBzAsp14-PZLys7: 1H-NMR (400 MHz, TFA-d): δ = 7.27-7.22 (m, 92.42H, H8+15), 5.14 (m, 37H, H7+14), 

4.93 (m, 5.4H, H4), 4.55 (m, 5.4H, H9), 3.86 (m, 452H, H2-3), 3.56 (s, 3H, H1), 3.19 (m, 17.7H,H5), 2.99 (m, 

17.2H,H13), 1.39-1.90 (m, 37.45H, H10-12). GPC Mp = 9985 g/mol; Mw(calc.) = 9700 g/mol; PD = 1.34. 

B) Deprotection to methoxy-poly(ethylene glycol)-b-poly(aspartic acid)-b-poly(lysine) (mPEG-PAsp-PLys) 

 

For detailed polymerization procedure see 2.10.3 c). Polymers were dissolved in trifluoroacetic acid (25 mL) and 

cooled to 0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added 

dropwise. 

mPEG-PAsp8-PZLys7: 1H-NMR (400 MHz, TFA-d): δ = 6.89 (m, 12.4H, H8+15), 5.11 (m, 7.95H, H4), 4.61 (m, 

6.2H, H9), 3.92 (m, 452H, H2-3), 3.59 (s, 3H, H1), 3.27 (m, 16H,H5), 3.16 (m, 15.5H,H13), 1.49-2.02 (m, 41.92H, 

H10-12). 

C) Synthesis of methoxy-polyethylene glycol-polyaspartic acid-polylysine-cholesteryl (mPEG-PAsp-PLys(Chol)) 
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mPEG-PAsp-b-PLys and potassium carbonate (1.3 eq. per lysine) was dissolved in 10 mL water in a 100 mL flask. 

Cholesteryl chloroformate (0.3 - 4 eq. per lysine) was dissolved in 20 mL acetone and added dropwise to the 

aqueous solution. The opaque suspension was stirred for five days at RT. Dialysis against methanol and water 

(MWCO = 3500 g/mol) removed excess salt and additionally washed with three times with 100 mL diethylether. 

The aqueous phase was freeze-dried and the colorless solid was dispersed in diethylether to remove excess 

cholesterol starting material completely. Filtration and vacuum drying yielded a colorless powder, which was 

triturated with diethylether again. Filtration and drying yields the purified products. 

B1 mPEG-PAsp8-b-PLys7(Chol)1.1: 1H-NMR (400 MHz, CDCl3): 5.33 (m, 1.1H, H15), 3.64 (m, 452H, H2-3), 3.36 

(s, 3H, H1), 0.86 (dd, 9.9H, H16-17), 0.67 (s, 3.3H, H18). 

B2 mPEG-PAsp8-b-PLys7(Chol)2.4: 1H-NMR (400 MHz, CDCl3): 5.35 (m, 2.47H, H15), 3.64 (m, 452H, H2-3), 3.36 

(s, 3H, H1), 0.86 (dd, 16.8H, H16-17), 0.67 (s, 7.3H, H18). 

B3 mPEG-PAsp8-b-PLys7(Chol)3: 1H-NMR (400 MHz, CDCl3): 5.33 (m, 2.8H, H15), 3.64 (m, 452H, H2-3), 3.36 

(s, 3H, H1), 0.86 (dd, 20.41H, H16-17), 0.67 (s, 8.86H, H18). 

B4-B5 mPEG113-PAsp21-PLys7(Chol)1.0-2.3 

A) Synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-benzyl-aspartic acid)-b-poly(Nε-benzyloxycarbonyl-

lysine) (mPEG-PBzAsp-PZLys) 

 

For detailed polymerization procedure see 2.10.3 a) and b). α-amino-ω-methoxy-poly(ethylene glycol) (1.5 g, 0.3 

mmol), γ-benzyl L aspartic acid-N-carboxyanhydride (BzAsp-NCA) (2.99 g, 12 mmol, 40 eq.), Nε-

benzyloxycarbonyl-L-lysine-N-carboxyanhydride (0.735 g, 2.4 mmol, 8 eq.), 40 mL anhydrous DMF. 

mPEG-PBzAsp31-PZLys7: 1H-NMR (400 MHz, TFA-d): δ = 7.27-7.22 (m, 183.6H, H8+15), 5.14 (m, 63.44H, 

H7+14), 4.93 (m, 21.7H, H4), 4.53 (m, 5.8H, H9), 3.90 (m, 452H, H2-3), 3.57 (s, 3H, H1), 3.21 (m, 14.85H,H5), 2.98 

(m, 52.6H,H13), 1.39-1.90 (m, 38.61H, H10-12). GPC Mp = 11800 g/mol; Mw(calc.) = 13200 g/mol; PD = 1.43. 

B) Deprotection to methoxy-poly(ethylene glycol)-b-poly(aspartic acid)-b-poly(lysine) (mPEG-PAsp-PLys) 

 

For detailed polymerization procedure see 2.10.3 c). Polymers were dissolved in trifluoroacetic acid (25 mL) and 

cooled to 0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added 

dropwise. 

mPEG-PAsp21-PZLys7: 1H-NMR (400 MHz, TFA-d): δ = 6.89 (m, 10.3H, H8+15), 5.50 (m, 3.28H, H7+14), 5.11 (m, 

21H, H4), 4.61 (m, 6H, H9), 3.92 (m, 452H, H2-3), 3.59 (s, 3H, H1), 3.28 (m, 16H,H5), 3.17 (m, 42.3H,H13), 1.49-

2.02 (m, 41.64H, H10-12).  
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C) Synthesis of methoxy-polyethylene glycol-polyaspartic acid-polylysine-cholesteryl (mPEG-PAsp-PLys(Chol)) 

 

mPEG-PAsp-b-PLys and potassium carbonate (1.3 eq. per lysine) was dissolved in 10 mL water in a 100 mL flask. 

Cholesteryl chloroformate (0.3 - 4 eq. per lysine) was dissolved in 20 mL acetone and added dropwise to the 

aqueous solution. The opaque suspension was stirred for five days at RT. Dialysis against methanol and water 

(MWCO = 3500 g/mol) removed excess salt and additionally washed with three times with 100 mL diethylether. 

The aqueous phase was freeze-dried and the colorless solid was dispersed in diethylether to remove excess 

cholesterol starting material completely. Filtration and vacuum drying yielded a colorless powder, which was 

triturated with diethylether again. Filtration and drying yields the purified products. 

B4 mPEG-PAsp21-b-PLys7(Chol)1.1: 1H-NMR (400 MHz, CDCl3): 5.33 (m, 1.1H, H15), 3.64 (m, 452H, H2-3), 3.36 

(s, 3H, H1), 0.86 (dd, 8.1H, H16-17), 0.67 (s, 3.5H, H18). 

B5 mPEG-PAsp8-b-PLys7(Chol)2.3: 1H-NMR (400 MHz, CDCl3): 5.35 (m, 2.28H, H15), 3.64 (m, 452H, H2-3), 3.36 

(s, 3H, H1), 0.86 (dd, 13.86H, H16-17), 0.67 (s, 6.61H, H18). 

B6 mPEG113-PAsp46-PLys6 

A) Synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-benzyl-aspartic acid)-b-poly(Nε-benzyloxycarbonyl-

lysine) (mPEG-PBzAsp-PZLys) 

 

For detailed polymerization procedure see 2.10.3 a) and b). α-amino-ω-methoxy-poly(ethylene glycol) (1.5 g, 0.3 

mmol), γ-benzyl L aspartic acid-N-carboxyanhydride (BzAsp-NCA) (6.0 g, 24 mmol, 80 eq.), Nε-

benzyloxycarbonyl-L-lysine-N-carboxyanhydride (0.735 g, 2.4 mmol, 8 eq.), 40 mL anhydrous DMF. 

mPEG-PBzAsp46-PZLys6: 1H-NMR (400 MHz, TFA-d): δ = 7.27-7.22 (m, 299.9H, H8+15), 5.14 (m, 112.2H, 

H7+14), 4.93 (m, 43,2H, H4), 4.53 (m, 5.4H, H9), 3.90 (m, 452H, H2-3), 3.57 (s, 3H, H1), 3.21 (m, 19.9H,H5), 3.02 

(m, 96.3H,H13), 1.39-1.90 (m, 35.2H, H10-12). GPC Mp = 6700 g/mol; Mw(calc.) = 16400 g/mol; PD = 1.16. 
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B) Deprotection to methoxy-poly(ethylene glycol)-b-poly(aspartic acid)-b-poly(lysine) (mPEG-PAsp-PLys) 

 

For detailed polymerization procedure see 2.10.3 c). Polymers were dissolved in trifluoroacetic acid (25 mL) and 

cooled to 0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added 

dropwise. 

mPEG-PAsp43-PZLys6: 1H-NMR (400 MHz, TFA-d): δ = 5.52 (m, 42.8H, H4), 4.71 (m, 6.3H, H9), 4.33 (m, 452H, 

H2-3), 3.98 (s, 3H, H1), 3.58 (m, 85H,H5), 1.49-2.29 (m, 41.64H, H10-12). 

 

2.10.5 (C) mPEG42-PAsp-PLys(Chol) 

 

mPEG42-PAsp14-PLys12(Chol)3.0-5.0 

A) Synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-benzyl-aspartic acid)-b-poly(Nε-benzyloxycarbonyl-

lysine) (mPEG-PBzAsp-PZLys) 

 

For detailed polymerization procedure see 2.10.3 a) and b). α-amino-ω-methoxy-poly(ethylene glycol) (Mw = 1900 

g/mol, 1.5 g, 0.3 mmol), γ-benzyl L aspartic acid-N-carboxyanhydride (BzAsp-NCA) (2.24 g, 9 mmol, 30 eq.), Nε-

benzyloxycarbonyl-L-lysine-N-carboxyanhydride (1.194 g, 3.9 mmol, 13 eq.), 50 mL anhydrous DMF. 

mPEG42-PBzAsp15-PZLys13: 1H-NMR (400 MHz, TFA-d): δ = 7.27-7.22 (m, 141H, H8+15), 5.14 (m, 52.9H, H7+14), 

4.90 (m, 12H, H4), 4.53 (m, 11.4H, H9), 3.86 (m, 168H, H2-3), 3.56 (s, 3H, H1), 2.99 (m, 25.1H,H13), 1.39-1.90 (m, 

78.11H, H10-12). GPC Mp = 9100 g/mol; Mw(calc.) = 8400 g/mol; PD = 1.36. 

 

B) Deprotection to methoxy-poly(ethylene glycol)-b-poly(aspartic acid)-b-poly(lysine) (mPEG-PAsp-PLys) 
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For detailed polymerization procedure see 2.10.3 c). Polymers were dissolved in trifluoroacetic acid (25 mL) and 

cooled to 0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added 

dropwise. 

mPEG42-PAsp14-PZLys12: 1H-NMR (400 MHz, TFA-d): δ = 6.89 (m, 10.5H, H8+15), 5.51 (m, 6.4H, H7+14), 5.09 

(m, 13.6H, H4), 4.58 (m, 10.6H, H9), 3.92 (m, 168H, H2-3), 3.59 (s, 3H, H1), 3.25 (m, 28.6H,H5), 3.12 (m, 29H,H13), 

1.49-2.02 (m, 73.24H, H10-12). 

C) Synthesis of methoxy-polyethylene glycol-polyaspartic acid-polylysine-cholesteryl (mPEG-PAsp-PLys(Chol)) 

 

mPEG-PAsp-b-PLys and potassium carbonate (1.3 eq. per lysine) was dissolved in 10 mL water in a 100 mL flask. 

Cholesteryl chloroformate (0.3 - 1 eq. per lysine) was dissolved in 20 mL acetone and added dropwise to the 

aqueous solution. The opaque suspension was stirred for five days at RT. Dialysis against methanol and water 

(MWCO = 3500 g/mol) removed excess salt and additionally washed with three times with 100 mL diethylether. 

The aqueous phase was freeze-dried and the colorless solid was dispersed in diethylether to remove excess 

cholesterol starting material completely. Filtration and vacuum drying yielded a colorless powder, which was 

triturated with diethylether again. Filtration and drying yields the purified products. 

C1 mPEG42-PAsp14-b-PLys12(Chol)3.0: 1H-NMR (400 MHz, CDCl3): 5.33 (m, 3.4H, H15), 3.64 (m, 168H, H2-3), 

3.36 (s, 3H, H1), 0.86 (dd, 26.6H, H16-17), 0.67 (s, 9.1H, H18). 

C2 mPEG42-PAsp14-b-PLys12(Chol)4.0: 1H-NMR (400 MHz, CDCl3): 3.64 (m, 168H, H2-3), 3.36 (s, 3H, H1), 0.86 

(dd, 34.3H, H16-17), 0.67 (s, 12.1H, H18). 

C3 mPEG42-PAsp14-b-PLys12(Chol)4.3: 1H-NMR (400 MHz, CDCl3): 3.64 (m, 168H, H2-3), 3.36 (s, 3H, H1), 0.86 

(dd, 33.3H, H16-17), 0.67 (s, 12.9H, H18). 

C4 mPEG42-PAsp14-b-PLys12(Chol)5.0: 1H-NMR (400 MHz, CDCl3): 5.33 (m, 4.81H, H15), 3.64 (m, 168H, H2-3), 

3.36 (s, 3H, H1), 0.86 (dd, 27.6H, H16-17), 0.67 (s, 14.7H, H18). 
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2.10.6 (D) mPEG-PGlu-PLys(Alkyl) 

I. Small molecules 

Synthesis of dodecyl chloroformate 

 

In a 500 mL three-necked round-bottom flask, dodecanol (1 eq., 40 mmol, 7.45 g) was dissolved in toluene (50 

mL) and diethylether (50 mL) and cooled with an ice bath. An ice-cooled solution of triphosgene (0.35 eq., 4.15 g, 

14 mmol) in toluene (50 mL) was added and stirred for some minutes. Triethylamine (1 eq., 4.01 g, 40 mmol) was 

diluted with toluene (1:3, v/v) and added dropwise, whereby a colorless solid precipitated under fog evolution. 

The evolving gas was passed to a NaOH bath for neutralization. The mixture was stirred for 30 minutes at 0°C, 

and for further 1.5 h at room temperature prior to pouring the reaction mixture into ice-cooled distilled water (250 

mL). After stirring the two-phase mixture over night, the organic phase was separated, washed with water, dried 

with magnesium sulfate, filtrated and removed in a rotary evaporator. Vacuum drying yielded a colorless, 

translucent oil (8.16 g, 32.8 mmol, 82%). 1H-NMR (400 MHz, CDCl3): δ = 4.31 (t, 1.49H, H1), 1.72 (p, 1.54H, 

H2), 1.42-1.19 (m, 15.3H, H3-11), 0.88 (t, 3H, H12). 13C-NMR (400 MHz, CDCl3): δ = 150.7 (C13), 72.5 (C1), 32.1-

22.8 (C3-11), 14.2 (C12).  

Synthesis of cetyl chloroformate 

 

The synthesis was performed as described for dodecanol. Cetylalcohol (1 eq., 40 mmol, 9.7 g), triphosgene 

(0.35 eq., 4.15 g, 14 mmol), triethylamine (1 eq., 4.01 g, 40 mmol) in toluene (100 mL). Vacuum drying yielded 

a colorless, translucent oil (10.46 g, 34.3 mmol, 86%). 1H-NMR (400 MHz, CDCl3): δ = 4.31 (t, 1.95H, H1), 1.72 

(p, 1.95H, H2), 1.42-1.19 (m, 26.8H, H3-15), 0.88 (t, 3H, H16). 13C-NMR (400 MHz, CDCl3): δ = 150.7 (C17), 72.5 

(C1), 32.1-22.8 (C3-15), 14.2 (C16).  

II. D1-D3 mPEG-PLys(Alkyl) 

A) Synthesis of methoxy-poly(ethylene glycol)-b-poly(Nε-benzyloxycarbonyl-lysine) (mPEG-PZLys) 

 

For detailed polymerization procedure see 2.10.3 a) and b). α-amino-ω-methoxy-poly(ethylene glycol) (Mw = 5000 

g/mol, 1.33 g, 0.27 mmol), Nε-benzyloxycarbonyl-lysine-N-carboxyanhydride (ZLys-NCA) (1.09 g, 3.6 mmol, 

13.3 eq.), 40 mL anhydrous DMF.  

mPEG-PZLys11: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 7.31 (m, 54.8H, H10), 5.19 (m, 13.2H, H9), 3.90 (m, 

423H, H2-3), 3.57 (s 3H, H1), 3.22 (m, 21.5 H, H8), 2.00-1.30 (m, 54.7H, H5-7). GPC Mn = 7800 g/mol; Mn (NMR) 

= 7900 g/mol; PD = 1.08. 
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B) Deprotection to methoxy-poly(ethylene glycol)-b-polylysine (mPEG-PLys) 

 

For detailed polymerization procedure see 2.10.3 c). Polymers were dissolved in trifluoroacetic acid (7 mL) and 

cooled to 0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added 

dropwise. 

mPEG-PZLys7: 1H-NMR (400 MHz, TFA-d): δ = 6.89 (m, 5H, Hamine), 4.62 (m, 5H, H4), 3.90 (m, 478H, H2-3), 

3.57 (s, 3H, H1), 3.26 (m, 15H,H8), 1.49-2.02 (m, 41.9H, H5-7). 

C) Synthesis of methoxy-polyethylene glycol-polylysine-dodecyl/cetyl (mPEG-PLys(C12/C16)) 

 

mPEG-PLys7 (250 mg, 0.042 mmol) and C12/C16 chloroformate (2 eq. per lysine) was dissolved/suspended in 25 

mL chloroform in a 100 mL flask. Triethylamine (3 eq. per lysine) was added and the turbid solution was stirred 

for 4 days. Precipitation from diethylether, filtration and drying yielded a colorless powder (200 mg, 0.031 mmol, 

73%). 

D1 mPEG-PLys7(C12)3: 1H-NMR (400 MHz, CDCl3): 4.02 (m, 10.3H,H9), 3.63 (m, 452H, H2-3), 3.35 (s, 3H, H1), 

2.02-1.49 (m, 9H, H5-7), 1.55 (m, 6H, H9), 1.23 (m, 52H, H10), 0.85 (t, 9.1H, H11). 

D2 mPEG-PLys7(C12)4: 1H-NMR (400 MHz, CDCl3): 4.02 (m, 9.3H,H9), 3.63 (m, 452H, H2-3), 3.37 (s, 3H, H1), 

3.11 (m, 9.6H, H8), 2.02-1.49 (m, 32H, H5-7), 1.55 (m, 8H, H10’), 1.25 (m, 67H, H10), 0.85 (t, 12H, H11). 

D3 mPEG-PLys7(C16)3: 1H-NMR (400 MHz, CDCl3): 3.98 (m, 6.8H,H9), 3.61 (m, 452H, H2-3), 3.35 (s, 3H, H1), 

3.11 (m, 4.9H, H8), 2.02-1.49 (m, 8H, H5-7), 1.55 (m, 6H, H9), 1.23 (m, 71H, H10), 0.85 (t, 9H, H11). 
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III. D4-D5 mPEG-PGlu13-PLys6(C12)0.8-3.0 

A) General procedure of the synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-benzyl-glutamic acid)-b-

poly(Nε-benzyloxycarbonyl-lysine) (mPEG-b-PBzGlu-b-PZLys) 

 

For detailed polymerization procedure see 2.10.3 a) and b). α-amino-ω-methoxy-poly(ethylene glycol) (Mw = 5000 

g/mol, 2 g, 0.4 mmol), γ-benzyl L glutamic acid-N-carboxyanhydride (BzGlu-NCA) (1.37 g, 5.2 mmol, 13 eq.), 

Nε-benzyloxycarbonyl-L-lysine-N-carboxyanhydride (1,71 g, 5.6 mmol, 13 eq.), 40 mL anhydrous DMF. A 

colorless powder was yielded after dialysis against water (2.92 g, 0.22 mmol, 54%). 

mPEG-PBzGlu21-PZLys15: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 7.26 (m, 171.4H, H8+15), 5.12 (m, 65.8H, 

H7+14), 4.70 (m, 20.9H, H4), 4.56 (m, 15.3H, H9), 3.90 (m, 452H, H2-3), 3.57 (s 3H, H1), 3.20 (m, 31H, H13), 2.66-

2.44 (m, 42.3H, H6), 1.93-1.88 (m, 42H, H5), 1.91-1.30 (m, 94.3H, H10-12). GPC Mp = 6800 g/mol; Mn (NMR) = 

13500 g/mol; PD = 2.79. 

B) Deprotection to methoxy-poly(ethylene glycol)-b-poly glutamic acid-b-polylysine (mPEG-PGlu-PLys) 

 

For detailed polymerization procedure see 2.10.3 c). Polymers were dissolved in trifluoroacetic acid (14 mL) and 

cooled to 0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added 

dropwise. 

mPEG-PGlu13-PLys6: 1H-NMR (400 MHz, TFA-d): δ = 7.32 (m, 2.7H, H8+15), 4.83 (m, 13.6H, H4), 4.58 (m, 5.6H, 

H9), 3.90 (m, 503H, H2-3), 3.57 (s, 3H, H1), 3.24 (m, 12.3H, H13), 2.65 (m, 26.7H, H6), 2.37-2.08 (m, 28H, H5), 

2.02-1.49 (m, 36.7H, H10-12). 

C) Synthesis of methoxy-poly(ethylene glycol)-b-poly glutamic acid-b-polylysine(dodecyl) (mPEG-PGlu-

PLys(C12)) 
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mPEG-PGlu13-PLys6 (250 mg, 0.033 mmol / 300 mg, 0.040 mmol) and C12 chloroformate (2 / 3 eq. per lysine) 

was dissolved/suspended in 25 mL chloroform in a 100 mL flask. Triethylamine (3 eq. per lysine) was added and 

the turbid solution was stirred for 4 days. Precipitation from diethylether, filtration and drying yielded a colorless 

powder. 

D4 mPEG-PGlu13-PLys6(C12)0.8: 1H-NMR (400 MHz, CDCl3): 3.64 (m, 456H, H2-3), 3.37 (s, 3H, H1), 1.60 (m, 

16.3H, H15’), 1.25 (m, 12H, H15), 0.88 (t, 2.4H, H16). 

D5 mPEG-PGlu13-PLys6(C12)3: 1H-NMR (400 MHz, CDCl3): 4.00 (m, 5.5H,H14), 3.63 (m, 471H, H2-3), 3.37 (s, 

3H, H1), 3.09 (m, 2.2H, H13’), 1.56 (m, 5H, H15’), 1.26 (m, 62H, H15), 0.85 (t, 10.6H, H16). 

IV. D6 mPEG-PLys8.5(C12)5-PGlu10.5 

A) General procedure of the synthesis of methoxy-poly(ethylene glycol)-b-poly(Nε-benzyloxycarbonyl-lysine)-b-

poly(γ-benzyl-glutamic acid) (mPEG-PZLys-PBzGlu) 

 

For detailed polymerization procedure see 2.10.3 a) and b). α-amino-ω-methoxy-poly(ethylene glycol) (Mw = 5000 

g/mol, 2 g, 0.4 mmol), Nε-benzyloxycarbonyl-L-lysine-N-carboxyanhydride (1.69 g, 5.2 mmol, 13 eq.), γ-benzyl 

L glutamic acid-N-carboxyanhydride (BzGlu-NCA) (1.41 g, 5.2 mmol, 13 eq.), 40 mL anhydrous DMF. A 

colorless powder was yielded after dialysis against water (3.27 g, 0.22 mmol, 56%).  

mPEG-PZLys19-PBzGlu21: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 7.40 (m, 188.9H, H10+15), 5.27 (m, 68.5H, 

H9+14), 4.81 (m, 21.4H, H11), 4.66 (m, 21.9H, H4), 4.01 (m, 452H, H2-3), 3.67 (s 3H, H1), 3.30 (m, 37H, H8), 2.59 

(m, 42.6H, H13), 2.40-2.02 (m, 47.7H, H12), 2.02-1.41 (m, 115H, H5-7). GPC Mp = 7500 g/mol; Mn (NMR) = 14700 

g/mol; PD = 1.98. 

B) Deprotection to methoxy-poly(ethylene glycol)-b-polylysine-b-poly(glutamic acid) (mPEG-PLys-PGlu) 

 

For detailed polymerization procedure see 2.10.3 c). Polymers were dissolved in trifluoroacetic acid (16 mL) and 

cooled to 0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added 

dropwise. 

mPEG-PZLys8.5-PBzGlu10.5: 1H-NMR (400 MHz, TFA-d): δ = 6.80 (m, 8.2H, Hamine), 4.77 (m, 10H, H11), 4.55 

(m, 5.6H, H4), 3.85 (m, 466H, H2-3), 3.57 (s, 3H, H1), 3.21 (m, 17.1H, H8), 2.61 (m, 20.8H, H13), 2.37-2.08 (m, 

31.3H, H12), 2.02-1.49 (m, 50.3H, H5-7). 
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C) Synthesis of methoxy-poly(ethylene glycol)-b-polylysine(dodecyl)-b-poly(glutamic acid) (mPEG-PLys(C12)-

PGlu) 

 

mPEG-PLys8.5-PGlu10.5 (300 mg, 0.040 mmol) and C12 chloroformate (4 eq. per lysine) was dissolved/suspended 

in 30 mL water/acetone in a 100 mL flask. Potassium carbonate (1.3 eq. per lysine) was added and the turbid 

solution was stirred for 4 days. Precipitation from diethylether, filtration and drying yielded a colorless powder 

(308 mg, 0.038 mmol, 94%). 

D6 mPEG-PZLys8.5(C12)5-PBzGlu10.5: 1H-NMR (400 MHz, CDCl3): 4.01 (m, 6.6H, H14), 3.64 (m, 454H, H2-3), 

3.38 (s, 3H, H1), 3.10 (m, 3H, H13’), 1.56 (m, 7.4H, H15’), 1.26 (m, 89.9H, H15), 0.88 (t, 15.2H, H16). 

 

V. D7-D8 mPEG-PGlu12-PLys11(C16)3.8-5.5 

A) General procedure of the synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-benzyl-glutamic acid) (mPEG-

b-PBzGlu) 

 

γ-benzyl L glutamic acid-N-carboxyanhydride (BzGlu-NCA) (0.632 g, 2.4 mmol, 12 eq.) was dissolved in 38 mL 

anhydrous DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-ω-methoxy-poly(ethylene glycol) (1.000 

g, 0.2 mmol) was dissolved in 8 mL DMF and injected into monomer-solution. The polymerization reaction was 

stirred under N2-atmosphere and RT for 5 days and was evacuated three times a day in order to remove evolving 

CO2. The absence of gas development indicated a complete conversion. Traces of the reaction mixture were 

recrystallized from diethylether to analyze the intermediate. The residual reaction mixture was consequently used 

for the synthesis of mPEG-b-PBzGlu-b-PZLys. 

A-a mPEG-b-PBzGlu12: 1H-NMR (400 MHz, TFA-d): δ = 7.25 (m, 61.59H, H8), 5.12 (s, 24.16H, H7) 4.71 (m, 

11.18H, H4), 3.90 (m, 452H, H2-3), 3.56 (s, 3H, H1), 2.49 (t, 24.82H, H6), 1.99-2.20 (m, 24.64H, H5). 
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B) General procedure of the synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-benzyl-glutamic acid)-b-

poly(Nε-benzyloxycarbonyl-lysine) (mPEG-b-PBzGlu-b-PZLys) 

 

Nε-benzyloxycarbonyl-L-lysine-N-carboxyanhydride (12 eq.) was dissolved in 10 mL anhydrous DMF and 

injected into freshly prepared mPEG-b-PBGlu12 solution. After the reaction time of 5 days under nitrogen 

atmosphere at RT and threefold CO2-removal a day, the crude product was recrystallized from ice-cooled 

diethylether. The crude product was dissolved in chloroform and recrystallized from diethylether. The product was 

obtained as a colorless solid (78-95%).  

A-b mPEG-b-PBzGlu12-b-PZLys11.5: 1H-NMR (400 MHz, TFA-d): δ = 7.30 (m, 116.15H, H8+15), 5.17 (m, 44.16H, 

H7+14), 4.73 (m, 11.44H, H4), 4.57 (m, 11.33H, H9), 3.95 (m, 452H, H2-3), 3.61 (s, 3H, H1), 3.25 (m, 22.89H, H13), 

2.54 (t, 26.38H, H6), 2.04-2.26 (m, 24.91H, H5), 1.53-1.81 (m, 71.49, H10-12). GPC Mp = 8419 g/mol; Mw(calc.) = 

10371 g/mol; PD = 1.13. 

C) General procedure of the synthesis of methoxy-poly(ethylene glycol)-b-poly(glutamic acid)-b-poly(lysine) 

(mPEG-b-PGlu-b-PLys) 

 

mPEG-b-PBzGlu12-b-PZLys11 (5.3 g, 0.498 mmol) was dissolved in trifluoroacetic acid (25 mL) and cooled to 

0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added dropwise. The 

yellow solution was stirred for 20 min at 0°C. After another 40 min at RT, the reaction mixture was precipitated 

in 150 mL diethylether. The suspension was centrifuged (6000 rpm, 6 min) and the supernatant was separated. 

The precipitate was dried under vacuum. The crude product was neutralized with sodium hydroxide and further 

purified by dialysis (MWCO 5000) against deionized water. The solvent was removed under reduced pressure and 

the product was freeze-dried (2.46 g, 0.307 mmol, 62 %). 

A-c mPEG-b-PGlu12-b-PLys11: 1H-NMR (400 MHz, TFA-d): δ = 4.88 (m, 11.73H, H4), 4.67 (m, 10.28H, H9), 

3.95 (m, 452H, H2-3), 3.62 (s, 3H, H1), 3.28 (m, 21.77H, H13), 2.68 (t, 23.81H, H6), 2.21-2.36 (m, 27.08H, H5), 

1.63-1.90 (m, 67.67H, H10-12). 
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D) General procedure of the synthesis of methoxy-poly(ethylene glycol)-b-poly(glutamic acid)-b-poly(lysine)-

Cetyl (mPEG-b-PGlu12-b-PLys11(C16)) 

 

mPEG-b-PGlu12-b-PLys11 (250 mg, 0.03 mmol) and potassium carbonate (1.7 eq. per lysine) was dissolved in 10 

mL water in a 100 mL flask. Cetyl chloroformate (0.3 / 0.6 eq. per lysine) was dissolved in 20 mL acetone and 

added dropwise to the aqueous solution. The opaque suspension was stirred for five days at RT. Dialysis against 

methanol and water (MWCO = 3500 g/mol) removed excess salt and additionally washed with three times with 

100 mL diethylether. The aqueous phase was freeze-dried and the colorless solid was dispersed in diethylether to 

remove excess cholesterol starting material completely. Filtration and vacuum drying yielded a colorless powder, 

which was triturated with diethylether again. Filtration and drying yields the purified product. 

D7 mPEG-b-PGlu12-b-PLys11(C16)3.8: 1H-NMR (400 MHz, CDCl3): 4.01 (m, 8H, H14), 3.64 (m, 453H, H2-3), 3.38 

(s, 3H, H1), 3.12 (m, 9.8H, H13’), 1.64 (m, 133.6H, H15 + water), 1.25 (m, 86.6H, H16), 0.86 (t, 11.4H, H17). 

D8 mPEG-b-PGlu12-b-PLys11(C16)5.5: 1H-NMR (400 MHz, CDCl3): 4.00 (m, 10.3H, H14), 3.65 (m, 452H, H2-3), 

3.36 (s, 3H, H1), 3.11 (m, 10.5H, H13’), 1.56 (m, 26.7H, H15), 1.24 (m, 138.3H, H16), 0.86 (t, 20.1H, H17). 

 

2.10.7 (E) mPEG-PGlu-PIle/PPhe  

E1/E2 mPEG-b-PIle 

Synthesis of methoxy-poly(ethylene glycol)-b-poly(isoleucine)  

 

L Isoleucine-N-carboxyanhydride (Ile-NCA) (0.94 and 1.51 g, 6 and 9.6 mmol, 25 and 40 eq.) was dissolved in 

30 mL anhydrous DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-ω-methoxy-poly(ethylene glycol) 

(1.2 g, 0.24 mmol) was dissolved in 8 mL DMF and injected into monomer-solution. The polymerization reaction 

was stirred under N2-atmosphere and RT for 5 days and was evacuated three times a day in order to remove 

evolving CO2. The absence of gas development indicated a complete conversion. The reaction mixtures were 

recrystallized from diethylether and filtrated. The crude polymer was dissolved in MQ and dialyzed against 

distilled water (MWCO = 1000 g/mol). A colorless powder was obtained after freeze-drying (1.41 and 1.72 g, 

0.19 and 0.20 mmol, 78 and 83%). 

E1 mPEG-b-PIle22: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 4.45 (d, 19.5 H, H4), 3.90 (s, 452 H, H2-3), 3.57 (s, 

3H, H1), 1.89 (m 22.1 H, H5), 1.57 (m, 22.4 H, H7), 1.22 (m, 22.2 H, H7), 0.89 (m, 132.6 H, H6,8). GPC Mn = 7860 

g/mol; Mn (NMR) = 7489 g/mol; PD = 1.05. 
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E2 mPEG-b-PIle32: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 4.45 (d, 32.2 H, H4), 3.90 (s, 452 H, H2-3), 3.57 (s, 

3H, H1), 1.89 (m 32.9 H, H5), 1.55 (m, 32.1 H, H7), 1.21 (m, 35.3 H, H7), 0.87 (m, 192.9 H, H6,8). GPC Mn = 3761 

g/mol; Mn (NMR) = 8621 g/mol; PD = 1.08. 

 

E3/E4 mPEG-b-PGlu-b-PIle 

Synthesis of methoxy-poly(ethylene glycol)-b-poly(glutamic acid)-b-poly(isoleucine) 

 Polymerization of mPEG-b-PMGlu-b-PIle E3/E4-Ester 

 

γ-methyl L glutamic acid-N-carboxyanhydride (MGlu-NCA) (0.58 g, 3.1 mmol, 13 eq.) was dissolved in 30 mL 

anhydrous DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-ω-methoxy-poly(ethylene glycol) (1.2 

g, 0.24 mmol) was dissolved in 8 mL DMF and injected into monomer-solution. The polymerization reaction was 

stirred under N2-atmosphere and RT for 5 days and was evacuated three times a day in order to remove evolving 

CO2. The absence of gas development indicated a complete conversion. The reaction mixtures were recrystallized 

from diethylether and filtrated. L Isoleucine-N-carboxyanhydride (Ile-NCA) (0.50 g, 3.12 mmol, 13 eq.) and the 

synthesized mPEG-PMGlu were dissolved in 30 mL anhydrous DMF and polymerized as mentioned above. After 

recrystallization from diethylether and filtration, a colorless solid was obtained (1.49 g, 0.192 mmol, 82%). 

E3/E4-Ester mPEG-b-PMGlu13-b-PIle13: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 4.77 (m, 13.0 H, H9), 4.46 (d, 

13.4 H, H4), 3.90 (s, 452 H, H2-3), 3.79 (s, 40.5 H, H12), 3.55 (s, 3H, H1), 2.61 (m, 26.4 H, H11), 2.27 (m, 13.5 H, 

H10), 2.10 (m, 13.4 H, H10), 1.89 (m 13.4 H, H5), 1.55 (m, 14.0 H, H7), 1.20 (m, 13.1 H, H7), 0.92 (m, 78.3 H, H6,8). 

GPC Mp = 7460 g/mol; Mn(NMR) = 7756 g/mol; PD = 1.18. 

 Ester cleavage to mPEG-b-PGlu-b-PIle E3 

 

E3-Ester mPEG-b-PMGlu13-b-PIle13 (1.41 g, 0.182 mmol) was dissolved in THF prior to the addition of 5 mL of 

1N NaOH. The reaction mixture was stirred over night at 40 °C. The crude polymer mixture was dissolved in MQ 

and dialyzed against distilled water (MWCO = 1000 g/mol). A colorless powder was obtained after freeze-drying 

(1.17 g, 0.158 mmol, 87%). 

E3 mPEG-b-PGlu9-b-PIle13: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 4.83 (m, 9.2 H, H9), 4.46 (d, 12.8 H, H4), 

3.90 (s, 452 H, H2-3), 3.57 (s, 3H, H1), 2.66 (m, 17.8 H, H11), 2.33 (m, 9.1 H, H10), 2.18 (m, 9.1 H, H10), 1.92 (m 

13.1 H, H5), 1.57 (m, 14.1 H, H7), 1.22 (m, 13.1 H, H7), 0.91 (m, 77.4 H, H6,8). GPC Mn = 7842 g/mol; Mn (NMR) 

= 7621 g/mol; PD = 1.09. 

  



Experimental Section PEG-Peptides 

 99 

PEG-Peptides 

 E4 mPEG-b-PGlu11-b-PIle28 

 

E3 mPEG-b-PMGlu13-b-PIle13 (0.5 g, 64.4 µmol) was dissolved in dry DMF prior to the addition of L Isoleucine-

N-carboxyanhydride (Ile-NCA) (0.28 g, 1.83 mmol, 30 eq.) The polymerization was conducted as described above. 

The crude reaction mixture was dialyzed against distilled water (MWCO = 1000 g/mol). A colorless powder was 

obtained after freeze-drying (0.53 g, 54.4 µmol, 85%). 

E4 mPEG-b-PGlu11-b-PIle28: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 4.81 (m, 11.9 H, H9), 4.46 (d, 28.4 H, H4), 

3.89 (s, 452 H, H2-3), 3.57 (s, 3H, H1), 2.66 (m, 21.7 H, H11), 2.34 (m, 11.1 H, H10), 2.22 (m, 11.1 H, H10), 1.91 (m 

28.0 H, H5), 1.59 (m, 28.6 H, H7), 1.21 (m, 28.4 H, H7), 0.90 (m, 164.8 H, H6,8).  

E5 mPEG-b-PGlu-b-PIle 

Synthesis of methoxy-poly(ethylene glycol)-b-poly(phenylalanine)-b-poly(glutamic acid) 

 Polymerization of mPEG-b-PIle-b-PMGlu E5-Ester 

 

L Isoleucine-N-carboxyanhydride (Ile-NCA) (0.50 g, 3.12 mmol, 13 eq.) was dissolved in 30 mL anhydrous DMF 

in a 100 mL Schlenkflask under N2-atmophere. α-amino-ω-methoxy-poly(ethylene glycol) (1.2 g, 0.24 mmol) was 

dissolved in 8 mL DMF and injected into monomer-solution. The polymerization reaction was stirred under N2-

atmosphere and RT for 5 days and was evacuated three times a day in order to remove evolving CO2. The absence 

of gas development indicated a complete conversion. γ-methyl L glutamic acid-N-carboxyanhydride (MGlu-NCA) 

(0.58 g, 3.1 mmol, 13 eq.) in 8 mL dry DMF was added and the mixture was stirred for further 5 days. After 

recrystallization from diethylether and filtration, a colorless solid was obtained (1.4 g, 0.177 mmol, 74%). 

E5-Ester mPEG-b-PIle10-b-PMGlu13: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 4.76 (m, 12.9 H, H9), 4.46 (d, 9.7 

H, H4), 3.90 (s, 452 H, H2-3), 3.81 (s, 43.4 H, H12), 3.55 (s, 3H, H1), 2.62 (m, 26.5 H, H11), 2.28 (m, 13.3 H, H10), 

2.13 (m, 13.4 H, H10), 1.90 (m 10.3 H, H5), 1.57 (m, 10.8 H, H7), 1.22 (m, 10.5 H, H7), 0.92 (m, 60.4 H, H6,8). 

GPC Mn = 8091 g/mol; Mn (NMR) = 7899 g/mol; PD = 1.05. 

 Ester cleavage to obtain mPEG-b-PIle-b-PGlu E5 
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E5-Ester mPEG-b-PIle10-b-PMGlu13 (1.4 g, 0.177 mmol) was dissolved in THF prior to the addition of 5 mL of 

1N NaOH. The reaction mixture was stirred over night at 40 °C. The crude polymer mixture was dissolved in MQ 

and dialyzed against distilled water (MWCO = 1000 g/mol). A colorless powder was obtained after freeze-drying 

(0.66 g, 87.9 µmol, 49%). 

E5 mPEG-b-PIle11-b-PGlu10.5: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 4.90 (m, 10.2 H, H9), 4.46 (d, 9.7 H, H4), 

3.90 (s, 452 H, H2-3), 3.81 (s, 43.4 H, H12), 3.55 (s, 3H, H1), 2.62 (m, 26.5 H, H11), 2.28 (m, 13.3 H, H10), 2.13 (m, 

13.4 H, H10), 1.90 (m 10.3 H, H5), 1.57 (m, 10.8 H, H7), 1.22 (m, 10.5 H, H7), 0.92 (m, 60.4 H, H6,8).  

E6/E7 mPEG-b-PPhe 

Synthesis of methoxy-poly(ethylene glycol)-b-poly(phenylalanine) 

 

L Phenylalanine-N-carboxyanhydride (Phe-NCA) (0.60 and 0.92 g, 3.12 and 4.80 mmol, 13 and 20 eq.) was 

dissolved in 30 mL anhydrous DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-ω-methoxy-

poly(ethylene glycol) (1.2 g, 0.24 mmol) was dissolved in 8 mL DMF and injected into monomer-solution. The 

polymerization reaction was stirred under N2-atmosphere and RT for 5 days and was evacuated three times a day 

in order to remove evolving CO2. The absence of gas development indicated a complete conversion. The reaction 

mixtures were recrystallized from diethylether and filtrated. The crude polymer was dissolved in MQ and dialyzed 

against distilled water (MWCO = 1000 g/mol). A colorless powder was obtained after freeze-drying (1.51 and 1.23 

g, 0.225 and 0.194 mmol, 94 and 81%). 

E6 mPEG-b-PPhe12: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 7.3-6.9 (m, 66.7 H, H6), 4.77 (m, 66.7 H, H4), 3.90 

(s, 452 H, H2-3), 3.57 (s, 3H, H1), 2.96 (m 24.1, H5), GPC Mn = 7743 g/mol; Mn (NMR) = 6766 g/mol; PD = 1.06. 

E7 mPEG-b-PPhe9: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 7.3-6.9 (m, 55.2 H, H6), 4.79 (m, 9.0 H, H4), 3.92 (s, 

452 H, H2-3), 3.58 (s, 3 H, H1), 2.97 (m 18.3, H5), GPC Mn = 6219 g/mol; Mn (NMR) = 6325 g/mol; PD = 1.07. 

E8 mPEG-b-PGlu-b-PPhe 

Synthesis of methoxy-poly(ethylene glycol)-b-poly(glutamic acid)-b-poly(phenylalanine) 

 Polymerization of mPEG-b-PMGlu-b-PPhe E8-Ester 

 

γ-methyl L glutamic acid-N-carboxyanhydride (MGlu-NCA) (0.58 g, 3.1 mmol, 13 eq.) was dissolved in 30 mL 

anhydrous DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-ω-methoxy-poly(ethylene glycol) (1.2 

g, 0.24 mmol) was dissolved in 8 mL DMF and injected into monomer-solution. The polymerization reaction was 

stirred under N2-atmosphere and RT for 5 days and was evacuated three times a day in order to remove evolving 

CO2. The absence of gas development indicated a complete conversion. The reaction mixtures were recrystallized 

from diethylether and filtrated. L Phenylalanine-N-carboxyanhydride (Phe-NCA) (0.6 g, 3.12 mmol, 13 eq.) and 
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the synthesized mPEG-PMGlu were dissolved in 30 mL anhydrous DMF and polymerized as mentioned above. 

After recrystallization from diethylether and filtration, a colorless solid was obtained (1.52 g, 0.196 mmol, 82%). 

E8-Ester mPEG-b-PMGlu13-b-PPhe6: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 7.3-6.9 (m, 39.4 H, H6), 4.77 (m, 

20.6 H, H4+9), 3.90 (s, 452 H, H2-3), 3.79 (s, 40.1 H, H12), 3.56 (s, 3H, H1), 2.93 (m, 14.3 H, H5), 2.61 (m, 26.3 H, 

H11), 2.29 (m, 12.9 H, H10), 2.11 (m, 13.0 H, H10). GPC Mn = 8310 g/mol; Mn (NMR) = 7739 g/mol; PD = 1.06. 

 Ester cleavage to mPEG-b-PGlu-b-PIle E8 

 

E8-Ester mPEG-b-PMGlu13-b-PPhe6 (1.45 g, 0.174 mmol) was dissolved in THF prior to the addition of 5 mL of 

1N NaOH. The reaction mixture was stirred over night at 40 °C. The crude polymer mixture was dissolved in MQ 

and dialyzed against distilled water (MWCO = 1000 g/mol). A colorless powder was obtained after freeze-drying 

(1.11 g, 0.158 mmol, 91%). 

E8 mPEG-b-PGlu9-b-PPhe6: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 7.3-6.9 (m, 30.7 H, H6), 4.81 (m, 15.1 H, 

H4+9), 3.91 (s, 452 H, H2-3), 3.57 (s, 3H, H1), 2.95 (m, 12.2 H, H5), 2.68 (m, 18.2 H, H11), 2.31-2.19 (m, 18.2 H, 

H10). 

E9 mPEG-b-PPhe-b-PGlu 

Synthesis of methoxy-poly(ethylene glycol)-b-poly(phenylalanine)-b-poly(glutamic acid) 

 Polymerization of mPEG-b-PPhe-b-PMGlu E9-Ester 

 

L Phenylalanine-N-carboxyanhydride (Phe-NCA) (0.56 g, 3.12 mmol, 13 eq.) was dissolved in 30 mL anhydrous 

DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-ω-methoxy-poly(ethylene glycol) (1.2 g, 0.24 

mmol) was dissolved in 8 mL DMF and injected into monomer-solution. The polymerization reaction was stirred 

under N2-atmosphere and RT for 5 days and was evacuated three times a day in order to remove evolving CO2. 

The absence of gas development indicated a complete conversion. γ-methyl L glutamic acid-N-carboxyanhydride 

(MGlu-NCA) (0.47 g, 2.5 mmol, 9 eq.) in 8 mL dry DMF was added and the mixture was stirred for further 5 days. 

After recrystallization from diethylether and filtration, a colorless solid was obtained (1.77 g, 0.224 mmol, 93%). 

E9-Ester mPEG-b-PPhe10-b-PMGlu13: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 7.3-6.9 (m, 74.9 H, H6), 4.75 (m, 

29.4 H, H4+9), 3.90 (s, 452 H, H2-3), 3.79 (s, 42.1 H, H12), 3.56 (s, 3H, H1), 2.93 (m, 24.9 H, H5), 2.61 (m, 25.8 H, 

H11), 2.27 (m, 12.9 H, H10), 2.11 (m, 12.9 H, H10). GPC Mn = 7992 g/mol; Mn (NMR) = 7899 g/mol; PD = 1.04. 
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 Ester cleavage to obtain mPEG-b-PIle-b-PGlu E9 

 

E9-Ester mPEG-b-PPhe10-b-PMGlu13 (1.7 g, 0.215 mmol) was dissolved in THF prior to the addition of 5 mL of 

1N NaOH. The reaction mixture was stirred over night at 40 °C. The crude polymer mixture was dissolved in MQ 

and dialyzed against distilled water (MWCO = 1000 g/mol). A colorless powder was obtained after freeze-drying 

(1.28 g, 0.17 mmol, 79%). 

E9 mPEG-b-PPhe11-b-PGlu6: 1H-NMR (400 MHz, TFA-d): δ (ppm) = 7.3-6.9 (m, 66 H, H6), 4.79 (m, 17.4 H, 

H4+9), 3.93 (s, 452 H, H2-3), 3.57 (s, 3H, H1), 2.97 (m, 22.4 H, H5), 2.68 (m, 12 H, H11), 2.35-2.21 (m, 12 H, H10). 

 

2.10.8 (I) Double hydrophilic block copolymers 

I1/I2 – mPEG-Glu11/30 

A) Synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-methyl-glutamic acid) (mPEG-b-PMGlu) 

 

γ-methyl L glutamic acid-N-carboxyanhydride (MGlu-NCA) (I1-a: 0.28 g, 1.5 mmol, 15 eq.; I2-a: 0.56 g, 3.0 

mmol, 30 eq.) was dissolved in 38 mL anhydrous DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-

ω-methoxy-poly(ethylene glycol) (0.50 g, 0.1 mmol) was dissolved in 8 mL anhydrous DMF and injected into 

monomer-solution. The polymerization reaction was stirred under N2-atmosphere and RT for 5 days and evacuated 

three times a day in order to remove evolving CO2. The absence of gas development indicated a complete 

conversion. Precipitation from diethylether, filtration, washing with diethylether and vacuum drying yield 

colorless solids (I1-a: 0.66 g, 0.09 mmol, 89%; I2-a: 0.60 g, 0.05 mmol, 52%)  

I1-a – mPEG-MGlu11: 1H-NMR (400 MHz, TFA-d): δ = 4.76 (m, 11.3H, H4), 3.90 (m, 461H, H2-3), 3.79 (s, 38H, 

H7), 3.56 (s, 3H, H1), 2.60 (m, 24H, H6), 2.35-20.4 (m, 24.7H, H5). GPC Mp = 5700 g/mol; Mw(calc.) = 7400 

g/mol; PD = 1.09. 

I2-a – mPEG-MGlu30: 1H-NMR (400 MHz, TFA-d): δ = 4.75 (m, 28.6H, H4), 3.90 (m, 468H, H2-3), 3.79 (s, 94.5H, 

H7), 3.56 (s, 3H, H1), 2.60 (m, 59H, H6), 2.35-20.4 (m, 60H, H5). GPC Mp = 7000 g/mol; Mw(calc.) = 11400 g/mol; 

PD = 1.11. 
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B) Deprotection to methoxy-poly(ethylene glycol)-b-polyglutamic acid (mPEG-b-PGlu) 

 

NaOH solution (1N, 5 mL) was added to a THF (30 mL) solution of the polymers (I1-a: 0.60 g, 0.081 mmol, I2-

a: 0.52 g, 0.045 mmol) and stirred at 40°C overnight. The reaction mixture was neutralized with HCl solution (1N) 

and dialyzed against water (MWCO = 3500 g/mol). Colorless powders were obtained after lyophilization (I1: 0.34 

g, 0.053 mmol, 65%; I2: 0.24 g, 0.028, 63%). 

I1 – mPEG-Glu11: 1H-NMR (400 MHz, TFA-d): δ = 4.87 (m, 11.1H, H4), 3.90 (m, 463H, H2-3), 3.61 (s, 3H, H1), 

2.70 (m, 22H, H6), 2.35-20.4 (m, 22H, H5). 

I2 – mPEG-Glu27: 1H-NMR (400 MHz, TFA-d): δ = 4.85 (m, 27H, H4), 3.90 (m, 465H, H2-3), 3.79 (s, 7H, H7), 

3.59 (s, 3H, H1), 2.68 (m, 54H, H6), 2.35-20.4 (m, 54.7H, H5). 

I3/I4 – mPEG-PAsp8/23 

A) Synthesis of methoxy-poly(ethylene glycol)-b-poly(γ-methyl-glutamic acid) (mPEG-b-PMGlu) 

 

γ-benzyl L-aspartate -N-carboxyanhydride (BzAsp-NCA) (I3-a: 0.49 g, 1.95 mmol, 13 eq.; I4-a: 1.49 g, 6.0 mmol, 

40 eq.) was dissolved in 38 mL anhydrous DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-ω-

methoxy-poly(ethylene glycol) (0.75 g, 0.15 mmol) was dissolved in 8 mL anhydrous DMF and injected into 

monomer-solution. The polymerization reaction was stirred under N2-atmosphere and RT for 5 days and evacuated 

three times a day in order to remove evolving CO2. The absence of gas development indicated a complete 

conversion. Precipitation from diethylether, filtration, washing with diethylether and vacuum drying yield 

colorless solids (I3-a: 0.85 g, 0.13 mmol, 85%; I4-a: 1.53 g, 0.14 mmol, 97%)  

I3-a mPEG113-PBzAsp8: 1H-NMR (400 MHz, TFA-d): δ = 7.23 (m, 52H, H7), 5.13 (m, 18H, H6), 4.95 (m, 8H, 

H4), 3.90 (m, 452H, H2-3), 3.56 (s, 3H, H1), 2.99 (m, 16H, H5). GPC Mp = 7700 g/mol; Mn = 5300 g/mol; Mw(calc.) 

= 6600 g/mol; PD = 1.21. 

I4-a mPEG113-PBzAsp27: 1H-NMR (400 MHz, TFA-d): δ = 7.24 (m, 165H, H7), 5.15 (m, 32H, H6), 4.95 (m, 27H, 

H4), 3.90 (m, 452H, H2-3), 3.56 (s, 3H, H1), 3.01 (m, 57.4H, H5). GPC Mp = 7000 g/mol; Mw(calc.) = 9700 g/mol; 

PD = 3.05. 

B) Deprotection to methoxy-poly(ethylene glycol)-b-polylysine (mPEG-b-PLys) 
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mPEG-PBzAsp (I3-a: 0.8 g, 0.12 mmol; I3-a: 1.5 g, 0.145 mmol) was dissolved in trifluoroacetic acid (3/9 mL) 

and cooled to 0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added 

dropwise. The yellow solution was stirred for 20 min at 0°C. After another 40 min at RT, the reaction mixture was 

precipitated in 150 mL diethylether. The suspension was centrifuged (6000 rpm, 6 min) and the supernatant was 

separated. The precipitate was dried under vacuum. The crude product was neutralized with sodium hydroxide and 

further purified by dialysis (MWCO 5000) against deionized water. The solvent was removed under reduced 

pressure and the product was freeze-dried to yield colorless powders (I3: 0.19 g, 0.032 mmol, 27 %; I4: 0.37 g, 

0.049 mmol, 34 %). 

I3 mPEG113-PAsp8: 1H-NMR (400 MHz, TFA-d): δ = 5.22 (m, 8H, H4), 4.02 (m, 452H, H2-3), 3.56 (s, 3H, H1), 

3.01 (m, 16.8H, H5). 

I4 mPEG113-PAsp23: 1H-NMR (400 MHz, TFA-d): δ = 5.13 (m, 22.5H, H4), 3.93 (m, 452H, H2-3), 3.69 (s, 3H, 

H1), 3.17 (m, 46.3H, H5). 

I6 – mPEG113-PZLys7 

A) Synthesis of methoxy-poly(ethylene glycol)-b-poly(Nε-benzyloxycarbonyl-lysine) (mPEG-b-PZLys) 

 

Nε-benzyloxycarbonyl-lysine-N-carboxyanhydride (ZLys-NCA) (1.47 g, 4.8 mmol, 8 eq.) was dissolved in 38 mL 

anhydrous DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-ω-methoxy-poly(ethylene glycol) 

(MN = 5000 g/mol, 3.0 g, 0.6 mmol) was dissolved in 8 mL anhydrous DMF and injected into monomer-solution. 

The polymerization reaction was stirred under N2-atmosphere and RT for 5 days and evacuated three times a day 

in order to remove evolving CO2. The absence of gas development indicated a complete conversion. Precipitation 

from diethylether, filtration, washing with diethylether and vacuum drying yield colorless solids (3.97 g, 0.57 

mmol, 95%). 

I6-a mPEG113-PZLys7.5: 1H-NMR (400 MHz, TFA-d): δ = 7.32 (m, 38H, H10), 5.19 (m, 12.8H, H9), 4.60 (m, 6H, 

H4), 3.94 (m, 452H, H2-3), 3.56 (s, 3H, H1), 2.24 (m, 18H, H8), 2.0-1.3 (m, 44H, H5-7). GPC Mp = 8600 g/mol; Mn 

= 5300 g/mol; Mw(calc.) = 7000 g/mol; PD = 1.29. 

B) Deprotection to methoxy-poly(ethylene glycol)-b-polylysine (mPEG-b-PLys) 

 

mPEG-PZLys (3.9 g, 0.56 mmol) was dissolved in trifluoroacetic acid (9 mL) and cooled to 0°C. A solution of 

hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added dropwise. The yellow solution 

was stirred for 20 min at 0°C. After another 40 min at RT, the reaction mixture was precipitated in 150 mL 

diethylether. The suspension was centrifuged (6000 rpm, 6 min) and the supernatant was separated. The precipitate 

was dried under vacuum. The crude product was neutralized with sodium hydroxide and further purified by dialysis 

(MWCO 5000) against deionized water. The solvent was removed under reduced pressure and the product was 

freeze-dried to yield colorless powders (3.25 g, 0.54 mmol, 84 %). 

I3 mPEG113-PLys7: 1H-NMR (400 MHz, TFA-d): δ = 6.92 (m, 17H, Hamine), 4.70 (m, 9H, H4), 4.02 (m, 452H, H2-

3), 3.56 (s, 3H, H1), 3.30 (m, 15H, H8), 2.1-1.3 (m, 48H, H5-7). 
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I7/I8 – mPEG42-PZLys16/25 

A) Synthesis of methoxy-poly(ethylene glycol)-b-poly(Nε-benzyloxycarbonyl-lysine) (mPEG-b-PZLys) 

 

Nε-benzyloxycarbonyl-lysine-N-carboxyanhydride (ZLys-NCA) (I7-a: 2.51 g, 8.2 mmol, 13 eq.; I8-a: 5.2 g, 18.9 

mmol, 27 eq.) was dissolved in 38 mL anhydrous DMF in a 100 mL Schlenkflask under N2-atmophere. α-amino-

ω-methoxy-poly(ethylene glycol) (MN = 1900 g/mol, 1.2 g, 0.63 mmol) was dissolved in 8 mL anhydrous DMF 

and injected into monomer-solution. The polymerization reaction was stirred under N2-atmosphere and RT for 5 

days and evacuated three times a day in order to remove evolving CO2. The absence of gas development indicated 

a complete conversion. Precipitation from diethylether, filtration, washing with diethylether and vacuum drying 

yield colorless solids (I7-a: 3.59 g, 0.59 mmol, 95 %.; I8-a: 4.90 g, 0.58 mmol, 92 %). 

I7-a mPEG42-PZLys12: 1H-NMR (400 MHz, TFA-d): δ = 7.65 (m, 62H, H10), 5.43 (m, 18H, H9), 4.82 (m, 10.2H, 

H4), 3.94 (m, 169H, H2-3), 3.82 (s, 3H, H1), 2.2-1.55 (m, 72.6H, H5-7).  

I8-a mPEG42-PZLys24: 1H-NMR (400 MHz, TFA-d): δ = 7.57 (m, 111H, H10), 5.60 (m, 40H, H9), 4.81 (m, 20.8H, 

H4), 4.11 (m, 169H, H2-3), 3.82 (s, 3H, H1), 3.46 (s, 46H, H8), 2.28-1.55 (m, 146.6H, H5-7).  

B) Deprotection to methoxy-poly(ethylene glycol)-b-polylysine (mPEG-b-PLys) 

 

mPEG-PZLys (I7-a: 3.54 g, 0.58 mmol; I8-a: 4.85 g, 0.57 mmol) was dissolved in trifluoroacetic acid (21/45 mL) 

and cooled to 0°C. A solution of hydrobromic acid in acetic acid (33 wt%, 4 eq. per protecting group) was added 

dropwise. The yellow solution was stirred for 20 min at 0°C. After another 40 min at RT, the reaction mixture was 

precipitated in 150 mL diethylether. The suspension was centrifuged (6000 rpm, 6 min) and the supernatant was 

separated. The precipitate was dried under vacuum. The crude product was neutralized with sodium hydroxide and 

further purified by dialysis (MWCO 5000) against deionized water. The solvent was removed under reduced 

pressure and the product was freeze-dried to yield colorless powders (I7: 0.32 g, 0.08 mmol, 13 %; I8: 2.82 g, 0.55 

mmol, 97 %). 

I7 mPEG42-PLys16: 1H-NMR (400 MHz, TFA-d): δ = 7.34 (m, 6H, H10), 6.92 (m, 1.6H, Hamine), 4.57 (m, 15H, H4), 

3.88 (m, 169H, H2-3), 3.56 (s, 3H, H1), 3.23 (m, 32H, H8), 2.1-1.3 (m, 93.5H, H5-7). 

I8 mPEG42-PLys25: 1H-NMR (400 MHz, TFA-d): δ = 7.35 (m, 16H, H10), 6.92 (m, 12H, Hamine), 4.59 (m, 23H, H4), 

3.98 (m, 168H, H2-3), 3.56 (s, 3H, H1), 3.24 (m, 50H, H8), 2.1-1.3 (m, 154H, H5-7). 

  



Introduction 

 106 

Polyoxazolines 

CHAPTER 3 -  Polyoxazolines 

3.1 Introduction 

Polyoxazolines (POx) were successfully synthesized by living cationic ring opening 

polymerization in the 1960s by four independent groups.151-154 Based on the structural similarity 

to polypeptides, poly-2-oxazolines are considered as pseudopeptides or bio-inspired 

molecules.155 This class of pseudopeptide polymers represents a growing field for many 

applications, especially for medical use,156-158 since poly-2-methyl/ethyl-2-oxazolines represent 

a competitive alternative to widely-used polyethylene glycols.159, 160 PEG still enjoys the status 

as gold standard for hydrophilic segments of block copolymers, although the synthetic pathway 

is uncomfortable using highly reactive oxirane monomers. Additionally, functionalization of 

PEG is limited to the distal ends at α- and ω-positions. As POx possess beneficial properties 

towards such barriers, the enormous potential of those pseudopeptides is described in different 

reviews. 156,157,161, 162 For instance, polyoxazolines exhibit PEG-related properties such as 

biocompatibility, stealth behavior towards the human immune system and protein repellency.163 

Furthermore, polyoxazolines offer attractive advantages regarding the controlled degree of 

polymerization, narrow molecular weight distributions and a broad variety of functional 

monomers, which are usually liquids. The functionalities of various 2-R-2-oxazolines,164 can 

afterwards directly be incorporated into the polymer backbone allowing the fine tuning of the 

overall polymer polarity, which opens a whole range of hydrophilic and hydrophobic 

polymers.165 

The polymerization of 2-oxazoline monomers is triggered by cationic initiation (Figure 3.1), 

commonly by using methyl triflate (MeOTf). Importantly, nucleophilic groups (e.g. R = amine) 

require protection groups in order to guarantee chain propagation. 

 

Figure 3.1. Polymerization mechanism of polyoxazolines by cationic ring opening polymerization of 2-R-2-

oxazoline monomers showing initiation, propagation and termination.164 Reprinted with the permission of Wiley 

Online library/John Wiley and Sons. 

As the polymerization is living, good control of the monomer insertion leads to well-defined 

architectures with narrow molecular weight distributions, but solely for lower degrees of 
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polymerization (< 1.5 x 104
 g/mol) and fast and quantitative initiation.164 Instead, higher molecular 

weight polymers suffer from broader molecular weight distributions, since chain transfer reactions 

like β-elimination and coupling reactions have been reported.166  

As mentioned above, the properties of polyoxazolines are precisely tunable by architectural 

engineering, for instance by the choice of R, the ratio of the respective monomers as well as the 

incorporated sequence. By using 2-oxazoline monomers with terminal functionalities e.g. 

olefin, alkyne, amine, thiol, azide, (see Glassner et al.164 for an excellent overview) etc., 

post polymerization modification enables the attachment of various substances onto the 

polymer backbones. For instance, click chemistry is a smart tool for the covalent linkage of 

mercapto- and azido-derivatives at moderate conditions onto pendent terminal olefins 167 and 

alkynes 168, respectively. Hereby, distinct functional molecules can be attached to polymers, 

which are only poorly or even not at all suitable for polymerization. Moreover, the use of 

specific functionalized initiators and terminators opens the broad variety of telechelic (α- and 

ω-terminus) macromolecules with any embedded chemical domain. Based on the architectural 

variety and on the biocompatibility, poly-2-oxazolines present promising candidates for many 

applications157, 169-171, and especially as polymer therapeutics156 (Figure 3.2). Moreover, the 

utilization of polyoxazoline hydrogels as implantable materials have been emerged in the last 

years.172 

 

Figure 3.2. The broad architectural variety enables many structural phenomena and hence applications especially 

as polymer therapeutics.156 Reprinted with the permission of Wiley Online library/John Wiley and Sons. 
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The arrangement of two chemically disparate monomers into two separate entities results in 

amphiphilic block copolymers that self-assemble into polymeric particles with hydrophobic 

core and hydrophilic corona in aqueous dispersions. Various amphiphilic block copolymers 

have been reported based on hydrophilic blocks of 2-methyl-2-oxazoline and 2-ethyl-2-

oxazoline combined with a hydrophobic segment of 2-butenyl-2-oxazoline173, 2-butyl-2-

oxazoline174, 2-phenyl-2-oxazoline175, 2-nonyl-2-oxazoline176, 2-undecyl-2-oxazoline175 and 2-

soy-2-oxazoline177. The latter SoyOx represents an oxazoline with mixed single (32 %) and 

multiple (68 %) unsaturated C17 side chains, which had been synthesized from soybean oil. All 

mentioned diblock copolymers form nanosized polymeric particles in water, ranging from 

20 – 110 nm depending on the block lengths and the hydrophobic nature. For instance, 

PMeOx32-PNonOx10 and PEtOx68-PSoyOx11 self-assemble into spherical core-shell micelles 

with diameters of 11.5 nm and resp. 10 nm, as studied by SANS but also fluorescent correlation 

spectroscopy and light scattering, respectively.178, 179  

3.2 Overview 

This chapter focuses on the synthesis of different types and natures of block copolymers based 

on polyoxazolines (Figure 3.3), their structural characterization and on the evaluation of the 

macromolecules as solubilization agents for hydrophobic substances.  

 

Figure 3.3. Overview of the different polyoxazoline-based polymer structures synthesized in this thesis. 
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This includes the investigation of amphiphilic diblock copolymers, which are composed of 

hydrophilic poly-2-methyl-2-oxazoline segments combined with hydrophobic segments of long 

aliphatic side chains. Hence, the effect of the chemical nature of the aliphatic side-chains on the 

polymer self-assembly and the interaction with encapsulated cholesterol is in the focus of 

section 3.3. The preparation of POx-based diblock and triblock copolymers with cholesteryl 

modified hydrophobic segments and resp. a segment of negative charges is described in 

section 3.4. Moreover, the matter of amphiphilic triblock copolymers with different 

hydrophobic blocks is addressed in section 3.5 whereas section 3.6 deals with the POx-based 

family of double hydrophilic block copolymers. An overview of the different polyoxazoline 

architectures is provided in Figure 3.3. 
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3.3 Amphiphilic block copolymers with long aliphatic side chains 

3.3.1 Abstract 

This chapter includes the synthesis and the structural characterization of a systematic library of 

well-defined amphiphilic block copolymers with hydrophilic segments of poly-2-methyl-2-

oxazolines combined with hydrophobic blocks of linear long-chain aliphatic 2-oxazolines. To 

this end, saturated 2-nonyl-2-oxazoline (NonOx) as well as 2-heptadecyl-2-oxazoline 

(HeptadecOx) and unsaturated 2-(cis,cis-heptadeca-8,11-dien-1-yl)-2-oxazoline (LinOx) were 

synthesized as monomers for cationic ring-opening block copolymerization. Complementary 

analytical techniques suggested the self-assembly into polymeric nanoparticles with 

semicrystalline and resp. amorphous micellar cores. Furthermore, the polymeric particles 

consume significant amounts of hydrophobic molecules, for instance Sudan III dye and 

cholesterol. Further specific details are described in the Bachelor thesis of Eva Schaefer.180 

3.3.2 Monomer synthesis 

The long alkyl-based oxazoline monomers were synthesized via different synthetic routes 

(Figure 3.4) starting from octyl (C8, R1)- and hexadecyl (C16, R2) bromide and linoleic acid 

(C18, R3), respectively.  

 

Figure 3.4. Schematic representation of the monomer syntheses of 2-nonyl-2-oxazoline (R1), 2-heptadecyl-2-

oxazoline (R2) and 2-(cis,cis-heptadeca-8,11-dien-1-yl)-2-oxazoline (R3). 

Initially, 2-nonyl-2-oxazoline (NonOx) and 2-heptadecyl-2-oxazoline (HeptadecOx) were 

prepared in a one-pot synthesis via α-deprotonation of 2-methyl-2-oxazoline and the 

corresponding aliphatic bromide at - 78°C according to a modified protocol as reported by 

Dargaville et al.173 The synthesis of 2-(cis,cis-heptadeca-8,11-dien-1-yl)-2-oxazoline (LinOx) 

was adopted from Schlaad and coworkers, since linoleic acid is commercially available instead 

of the adequate bromide.167 This modified Wenker method includes the succinimidyl-activation 
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of linoleic acid prior to formation of the corresponding chloroethyl linoleoyl amide, followed 

by alkaline KOH cyclization. The crude products were washed with potassium carbonate 

solution, which is crucial in order to substantially increase the final yield after the purification 

processes.  

NonOx was distilled for further purification, however gas chromatography and elemental 

analysis still reveal impurities (9 %). Nevertheless, the substance was used as monomer for 

polymerization of well-defined block copolymers, as shown below. HeptadecOx and LinOx 

were purified by alkaline silica column chromatography. It turned out that the slightly acidic, 

non-treated silica gel is no option, since protonation of the oxazoline imine induces side 

reactions and the decomposition of the monomer on the column.  

Proton NMR spectral analyses revealed the high purities of the synthesized monomer LinOx 

and HeptadecOx (Figure 3.5). The full characterization data are provided in the supplementary 

part (SI-III, figure S1-S8). The saturated and double unsaturated C17 monomers were obtained 

in 98.5 % and 99.9 % purity, respectively, according to gas chromatography (SI-III, figure S4 

and S8).  

 

Figure 3.5. 1H-NMR spectra of 2-(cis,cis-heptadeca-8,11-dien-1-yl)-2-oxazoline (LinOx, red) and 2-heptadecyl-

2-oxazoline (HeptadecOx, green) in CDCl3. 
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3.3.3 Polymerization 

The amphiphilic copolymers of poly-2-methyl-2-oxazoline-block-poly-2-alkyl-2-oxazolines 

(PMeOx-PAlkOx) were prepared via oil-bath synthesis and microwave-assisted synthesis, 

respectively (Figure 3.6). A systematic library was synthesized in a glovebox using methyl 

trifluoromethanesulfonate (MeOTf) to initiate the cationic ring-opening polymerization of 

varying amounts of MeOx (25, 45, 60 eq.) prior to the subsequent addition of the aliphatic 

NonOx, HeptadecOx and LinOx monomers (3 - 12 eq.), respectively. After the termination 

with H2O or piperidine, the copolymers were purified by exhaustive dialysis against methanol 

first, and water second (MWCO = 1000 g/mol) and were obtained as colorless solids after 

lyophilization.  

 

Figure 3.6. Schematic representation of the syntheses of amphiphilic block copolymers with segments of 

hydrophilic poly-2-methyl-2-oxazoline (PMeOx) and hydrophobic segments of poly-2-nonyl (PNonOx) / 

heptadecyl (PHeptadecOx) and (cis,cis)-heptadeca-8,11-dien-1-yl)-2-oxazoline (PLinOx). 

All well-defined polymer architectures are composed in Table 3.1 and the full characterization 

data is provided in the supplementary section (SI-III, table S1 and figure S9-S98). The average 

composition of the polymers was estimated by proton NMR spectroscopy via endgroup analysis 

using the methyl initiator signals at 2.94 and 3.03 ppm in proportion to the methyl group (9) 

and methylene group (5) to determine the number of incorporated MeOx and AlkOx, 

respectively (Figure 3.7). The NMR spectra of NonOx-based block copolymers are provided in 

supplementary section only (SI-III, figure S9-S32), since PMeOx-PNonOx polymers are well-

described elsewhere.181 The block lengths of each block can precisely be controlled over 

stoichiometry for the lower molecular weights (e.g. Table 3.1, L3 PMeOx28-PNonOx10), 

whereas at higher monomer to initiator ratios the block length of the segments had almost the 

double of the desired length (e.g. Table 3.1, L8 PMeOx157-PNonOx18 instead of PMeOx60-

PNonOx6).  
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Table 3.1. Characterization data of synthesized poly-2-methyl-2-oxazoline-block-poly-2-alkyl-2-oxazolines. N = 

Nonyl, H = Heptadecyl, L = (cis,cis)-heptadeca-8,11-dien-1-yl). 

Entry Method 
Polymer  

composition [a] 

Stoichiometric 

loading [b] 

[I] : [M1] : [M2] 

PDi [c] 

 

Mw/Mn 

Mn [c] 

(GPC) 

[kg/mol] 

Mn [a] 

(NMR) 

[kg/mol] 

Hydrophobic 

content [d] 

[mol%] 

N1 (1) PMeOx34-PNonOx4 1 : 25 : 3 
1.24 

[THF] 
1.3 4.0 22 

N2 (1) PMeOx29-PNonOx6 1 : 25 : 6 
1.22 

[NMP] 
3.2 3.7 34 

N3 (1) PMeOx28-PNonOx10 1 : 25 : 9 
1.23 

[NMP] 
4.2 4.4 46 

N4 (1) PMeOx50-PNonOx3.5 1 : 45 : 3 
1.21 

[NMP] 
6.3 5.0 15 

N5 (1) PMeOx60-PNonOx6.5 1 : 45 : 6 
1.21 

[NMP] 
7.3 6.5 21 

N6 (1) PMeOx90-PNonOx11 1 : 45 : 9 
1.21 

[NMP] 
13.0 17.0 23 

N7 (1) PMeOx145-PNonOx7 1 : 60 : 3 
1.32 

[NMP] 
10.5 13.8 11 

N8 (1) PMeOx157-PNonOx18 1 : 60 : 6 
1.47 

[NMP] 
11.1 9.9 21 

H1 (2) PMeOx33-PHeptadecOx4 1 : 25 : 3 
1.12 

[THF] 
2.1 4.1 31 

H2 (2) PMeOx30-PHeptadecOx7.5 1 : 25 : 6 
1.18 

[NMP] 
4.1 4.9 48 

H3 (2) PMeOx29-PHeptadecOx11 1 : 25 : 9 
1.15 

[NMP] 
4.4 5.9 58 

H4 (1) PMeOx40-PHeptadecOx8 1 : 60 : 10 n.d. n.d. 5.9 42 

H5 (1) PMeOx68-PHeptadecOx4.7 1 : 50 : 4 n.d. n.d. 7.3 20 

H6 (1) PMeOx78-PHeptadecOx7 1 : 60 : 5 
1.16 

[NMP] 
9.5 8.8 25 

H7 (2) PMeOx81-PHeptadecOx9.5 1 : 60 : 8 
1.28 

[NMP] 
12.3 9.9 30 

H8 (1) PMeOx75-PHeptadecOx11 1 : 50 : 8 n.d. n.d. 9.8 35 

H9 (2) PMeOx84-PHeptadecOx15 1 : 60 : 11 
1.24 

[NMP] 
11.8 11.8 40 

H10 (1) PMeOx127-PHeptadecOx4 1 : 60 : 3 
1.21 

[NMP] 
10.8 12.1 11 

H11 (1) PMeOx123-PHeptadecOx13 1 : 60 : 6 
1.16 

[THF] 
13.1 14.6 28 

H12 (1) PMeOx267-PHeptadecOx31 1 : 60 : 9 
1.27 

[THF] 
6.3 32.4 30 

L1 (2) PMeOx42-PLinOx5 1 : 25 : 3 
1.39 

[NMP] 
6.5 5.2 31 

L2 (2) PMeOx27-PLinOx7.5 1 : 25 : 6 
1.22 

[NMP] 
4.8 4.6 50 

L3 (2) PMeOx32-PLinOx12.5 1 : 25 : 9 
1.23 

[NMP] 
6.5 6.6 59 

L4 (2) PMeOx55-PLinOx8.5 1 : 45 : 3 
1.29 

[NMP] 
8.5 7.3 36 

L5 (2) PMeOx55-PLinOx12.5 1 : 45 : 6 
1.30 

[NMP] 
8.6 8.5 45 

L6 (2) PMeOx80-PLinOx6 1 : 45 : 9 
1.25 

[NMP] 
7.5 8.7 22 

L7 (2) PMeOx78-PLinOx7 1 : 60 : 3 
1.28 

[THF] 
2.1 8.8 25 

L8 (2) PMeOx94-PLinOx10.5 1 : 60 : 6 
1.28 

[NMP] 
10.7 11.2 29 

L9 (2) PMeOx100-PLinOx5 1 : 60 : 9 
1.39 

[NMP] 
9.7 10.1 16 

         
(1) Oil bath polymerization. (2) Microwave-assisted polymerization. [a] proton NMR compositional analysis. [b] 

Stoichiometric polymerization batch loading with methyl triflate (I), 2-methyl-2-oxazoline (M1) and 2-alkyl-2-

oxazoline (M2). [c] GPC in THF or NMP against PS-standard. [d] Ratio of alkyl over methyl estimated by proton 

NMR compositional analysis.  
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Figure 3.7. Exemplary 1H-NMR spectra of PMeOx-PLinOx (red) and PMeOx-PHeptadecOx (green) in CDCl3. 

The molecular weight distribution of the synthesized polymers is generally quite narrow over 

the whole range of molecular weights independent of monomer/initiator ratios, except for two 

polymers with short hydrophilic segments (~30 MeOx) and high numbers of hydrophobic 

monomers (e.g. H2 and L3). Broad PDi values are commonly observed at high 

monomer/initiator ratios with > 300 incorporated monomers based on chain transfer or coupling 

reactions.182 In general, GPC analysis using tetrahydrofuran (THF) as eluent reveal fairly low 

values for the molecular weights (Mn) compared to NMR end group analysis. It is worth 

mentioning that most of the polymers are poorly soluble in THF, only if the hydrophobic 

content is 20 mol% and higher, homogenous mixtures were obtained. Specific block 

copolymers were measured in N-methyl-2-pyrrolidone (NMP), which is considered as excellent 

solvent for both segments of the poly-2-oxazolines. Here, the molecular weight distributions 

are narrow as well, and furthermore, the GPC and NMR derived Mn-values match quite well 

(Table 3.1).  
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Maldi-TOF MS analysis was exemplarily performed for selected polymers, such as 

PMeOx30- PHeptadecOx7.5 (H2) and PMeOx27-PLinOx7.5 (L2) (Figure 3.8). The mass 

fragments of Δm = 85.1, Δm = 309.5, Δm = 305.5 and Δm = 17 suggest the incorporation of 

MeOx (85.11 g/mol), HeptadecOx (309.5 g/mol) and LinOx (305.51 g/mol) into the polymer 

backbones. Even the hydroxyl termination group (17.01 g/mol) could be detected.  

A B 

  

Figure 3.8. Maldi-TOF MS spectra of H2 (PMeOx30-PHeptadecOx7.5) (A) and L2 (PMeOx30-PHeptadecOx7.5) 

polymers (B) 

 

3.3.4 Thermal properties  

The synthesized block copolymers are composed of different hydrophobic blocks including 

linear aliphatic side chains of saturated C9 (NonOx) and C17 (HeptadecOx) as well as 

unsaturated C17 ((cis,cis)-heptadeca-8,11-dien-1-yl, LinOx) moieties. The structural difference 

is supposed to affect the thermal properties of the different block copolymers in terms of the 

steric demand influences the intermolecular interaction.  
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Figure 3.9. DSC thermograms of the second heating cycles for representative PMeOx-PNonOx (yellow), PMeOx-

PHeptadecOx (green) and PMeOx-PLinOx (red) diblock copolymers (heating rate 10 °C/min, T-range: -50 to 200 

°C). The thermal history of the polymers was removed by a first heating cycle (not shown).  

Differential scanning calorimetry (DSC) was applied to investigate the influence of the aliphatic 

moieties on thermal properties revealing further insights into the intermolecular interactions 

between the different aliphatic chains (Figure 3.9). Therefore, comparable block copolymers 

with about 30 incorporated MeOx monomer units and a comparable number of hydrophobic 

monomers (but different weight contents) were analyzed. The DSC thermograms reveal glass 

transition temperatures (Tg) of 9.2 °C for PMeOx-PNonOx and 32.1 °C for PMeOx-PLinOx, 

respectively. The absence of defined melting temperatures indicates the presence of amorphous 

hydrophobic domains for both polymers. Obviously, nonyl and unsaturated C17 side chains 

possess sufficient flexibilities but also steric demands leading to non-well packed organization. 

In contrast to that, the saturated PMeOx-PHeptadecOx polymer does not possess a glass 

transition temperature in the temperature range between -50 to 160 °C. Instead, the occurrence 

of two distinct peaks at 60.5 and 70.8 °C indicates a melting process, pointing out the presence 

of semicrystalline domains.  

DSC investigations of various polymer architectures with the different hydrophobic domains 

show slightly shifted glass transitions and melting temperatures, respectively, depending on the 

incorporated number of hydrophobic monomers (Figure 3.10).  

 

Figure 3.10. DSC thermograms of the second heating cycles for representative PMeOx-PNonOx (A), PMeOx-

PHeptadecOx (B) and PMeOx-PLinOx (C) diblock copolymers (heating rate 10 °C/min, T-range: -50 to 200 °C). 

The thermal history of the polymers was removed by a first heating cycle (not shown). 
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3.3.5 Hydrophobic absorption 

The property of the amphiphilic diblock POx copolymers to absorb hydrophobic compounds 

was studied in standardized test systems (Figure 2.11). The hydrophobic molecules cholesterol 

and Sudan III, respectively, were added to the polymer dispersions and stirred overnight, prior 

to the separation of the excess of non-bound hydrophobes by filtration. Water was removed and 

the encapsulated amount of hydrophobic molecules was determined by UV/Vis spectroscopy. 

Cholesterol 

Cholesterol absorption experiments were performed in triplicates and the amount of absorbed 

cholesterol was quantified by UV/Vis spectroscopy applying the Liebermann-Burchard-

reagent. Therefore, the isolated powders of the cholesterol loaded polymers were dissolved in 

a mixture of acetic acid, acetic acid anhydride and sulfuric acid (10:20:1, v/v) and annealed for 

40 min, prior to UV/Vis measurement. The subsequent spectroscopic analysis demonstrated 

varying quantities of absorbed cholesterol depending on the polymer architectures (Table 3.3, 

SI-III, table S4-S6 and figure S188-S217). As a general trend, C9 based PMeOx-PNonOx 

polymers absorb the most cholesterol (N3 16 wt %). Within the C17 based diblock copolymers, 

saturated aliphatic polyoxazolines encapsulate less amounts of cholesterol (H4 6 wt %), 

whereas unsaturated aliphatic side chains apparently encourage the cholesterol uptake 

(L9 10.4 wt %). Considering the different macromolecular classes separately, the fine structure 

in terms of block lengths of each segment and hydrophobic content, obviously defines the 

inherent ability to encapsulate hydrophobic molecules. In case of the C9 polyoxazolines, 

cholesterol absorption is high when the hydrophilic block is short, whereas copolymers with 

higher molecular weights of both blocks absorb less cholesterol. Whilst it is true that those 

copolymers with longer hydrophilic chains possess a smaller MeOx/NonOx ratio, however, 

considering the hydrophobic content, they are comparable with the short N1 copolymer (20 

mol%). Therefore, unexpected high cholesterol loading capacities of other diblock copolymers 

such as in the case of PMeOx60-PNonOx50 are unlikely. As mentioned above, PMeOx28-

PNonOx10 (N3) exhibit the inherent property to encapsulate the most cholesterol molecules 

(16 wt %). As comparison, Luxenhofer et al. demonstrated the capacity of a similar polymer 

structure namely PMeOx32-PNonOx10 to absorb 9.7 wt % of the water-insoluble pharmaceutical 

compound paclitaxel against cancer.79  
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The class of PMeOx-PHeptadecOx is characterized by aliphatic saturated C17 side chains. The 

tendency of those polymers to absorb cholesterol molecules is generally lower (0.9 - 5.9 wt %). 

Since no evident trends are obvious, cholesterol absorption is supposed to be independent of 

the block length and the ratio of both segments. The explicit polymer composition 

PMeOx40- PHeptadecOx8 encapsulates most cholesterol molecules (5.9 wt %), in contrast to 

the cholesterol uptake values of all the other structures that are majorly around 1 and 2 wt %. 

The reduced affinity for the incorporation of hydrophobic substances, compared to other POx 

classes, most-likely arises from presence of semicrystalline domains (Figure 3.9), which form 

rigid entities, and hence, hamper the cholesterol intercalation.  

The presence of unsaturated C17 side chains defines the class of PMeOx-PLinOx and promotes 

elevated cholesterol uptake, compared to the heptadecyl-based polyoxazolines. The whole 

group of unsaturated polymers shows principally larger cholesterol absorption values than the 

saturated species over the range from 1.4 to 10.4 wt %. Interestingly, the two architectures 

PMeOx42-PLinOx5 (L1) and PMeOx100-PLinOx5 (L9) with the lowest LinOx number possess 

the highest cholesterol absorption capacity, 7.2 wt % and 10.4 wt %, respectively, although 

both hydrophilic block lengths significantly differ. Besides that, no clear structural trend in 

terms of the ratio and the block lengths of the PMeOx-PLinOx has been deciphered. 

Sudan III. 

To generalize the hydrophobic encapsulation of amphiphilic polyoxazoline, poorly water-

soluble Sudan III dye was applied as representative for any lipophilic component. Selected 

polymers of each class that absorbed most cholesterol (Table 3.3) were investigated. The pink-

red Sudan III loaded polymer powder was dissolved in chloroform and measured by UV/Vis 

spectroscopy. Figure 3.11 illustrates the UV/Vis spectra of the polymers after Sudan III 

absorption, diluted in chloroform. The absorbed Sudan III contents are composed in Table 3.2 

and all calculations and spectra are provided in the supplementary section (SI-III, table S7 and 

figure S218-S219). The amount of encapsulated hydrophobic dye depends on the polymer 

architectures. In general, saturated C17 based copolymers PMeOx33-PHeptadecOx4 (H1) and 

PMeOx40-PHeptadecOx8 (H4) absorb small amounts of Sudan III, whereas the other polymer 

classes with C9 (N1 and N3) and unsaturated C17 (L1, L3, L6 and L9) side chains absorb 

significantly more of the hydrophobic substance. PMeOx100-PLinOx5 (L9) encapsulates most 

of the poorly water-soluble dye (13.7 wt%). The UV/Vis detection of Sudan III demonstrates 

the capacity of the polymers to absorb any hydrophobic substance and the structure property 

relationship is in very good agreement with the affinity for cholesterol uptake.  
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Table 3.2. Quantified Sudan III 

absorption of specific copolymers. 

 

Entry 

Hydrophobic 

content 

[mol%] 

Absorbed 

Sudan III 

[wt%] 

N1 22   5.1 (±1.9) 

N3 46 13.1 (±0.9) 

H1 31 4.6 (±1.1) 

H4 42   2.1 (±0.8) 

L1 31   7.0 (±3.8) 

L3 59   7.1 (±1.5) 

L6 22   8.7 (±1.9) 

L9 16 13.7 (±2.9) 

 

Figure 3.11. UV/Vis spectroscopy to quantify Sudan III encapsulation. UV/Vis spectra of Sudan III without 

polymer (Ref) and 3 replicates each of (A) N1 PMeOx34-PNonOx4 and N3 PMeOx28-PNonOx10, B) H1 PMeOx33-

PHeptadecOx4 and H4 PMeOx40-PHeptadecOx8, (C) L1 PMeOx42-PLinOx5 and L3 PMeOx32-PLinOx12.5 and (D) 

L6 PMeOx80-PLinOx6 and L9 PMeOx100-PLinOx5. 

To conclude the hydrophobic encapsulation, those amphiphilic block copolymers exhibit the 

inherent affinity to absorb water-insoluble substances. As a result of the polymer screening 

process, C9 based PMeOx-PNonOx diblock copolymers seem to present favorable 

macromolecular structures for the solubilization of cholesterol (up to 16 wt %) and other 

hydrophobic substances. Both C17 based polyoxazolines have moderate affinities to absorb 

hydrophobes, but nevertheless, the amount of encapsulated hydrophobic molecules of the 

unsaturated PMeOx-PLinOx copolymers is still remarkable. 

3.3.6 Structural analysis before and after cholesterol consumption. 

The polymer dispersions were analyzed by complementary structural techniques enabling the 

systematic investigation of structure-property relations. Therefore, micellization behavior, size, 

structure and sedimentation properties of varying amphiphilic copolymers were studied by 

fluorescence spectroscopy, DLS, SAXS, electron microscopy and analytical 

ultracentrifugation. The aqueous dispersions of the synthesized polymer library were prepared 

by ordinary dissolution of the polymer powders with initial concentration of 0.5 mg/mL, which 

were filtered (PVDF syringe filter, 200 nm) prior to further analyses. A comparative overview 

of structural characterization data is composed in Table 3.3 for general overview as well as in 

Table 3.4 and Table 3.5 for the specific polymer classes. The analytical data is provided in the 

supplementary section (SI-III, figure S99-S187 and table S1-S3).  
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Table 3.3. Structural characterization data and absorbed cholesterol quantities of synthesized poly-2-methyl-2-

oxazoline-block-poly-2-alkyl-2-oxazolines. N = Nonyl, H = Heptadecyl, L = (cis,cis)-heptadeca-8,11-dien-1-yl). 

Entry Diblock copolymers [a] 

Hydrophobic 

content [b] 

[mol%] 

CMC [c] 

[mg/L] 

[µM] 

Particle  

size [d] 

DH [nm] 

Chol-loaded 

Particle size [d] 

DH [nm] 

Absorbed  

Chol content  

[wt%] [e] 

N1 PMeOx34-PNonOx4 22 
30.1 

8.1 

    8 (39%) 

235 (61%) 

  10 (47%) 

188 (53%) 
9.2 (0.7) 

N2 PMeOx29-PNonOx6 34 
9.6 

2.6. 

    7 (55%) 

232 (45%) 

  14 (46%) 

188 (54%) 
7.9 (1.1) 

N3 PMeOx28-PNonOx10 46 
5.6 

1.3 

11 (  2%) 

66 (98%) 

12 (  2%) 

81 (98%) 
16.0 (2.4) 

N4 PMeOx50-PNonOx3.5 15 n.d. 
  12 (87%) 

536 (13%) 

 36 (  2%) 

192 (98%) 
2.9 (0.3) 

N5 PMeOx60-PNonOx6.5 21 n.d. 22 (100%) 
  30 (58%) 

196 (42%) 
1.1 (0.1) 

N6 PMeOx90-PNonOx11 23 n.d. 28 (100%) 
  29 (76%) 

564 (24%) 
1.6 (2.2) 

N7 PMeOx145-PNonOx7 11 n.d. 
  19 (38%) 

478 (62%) 

  22 (16%) 

236 (84%) 
3.1 (1.6) 

N8 PMeOx157-PNonOx18 21 n.d. 41 (100%) 
  33 (16%) 

255 (84%) 
2.4 (1.3) 

H1 PMeOx33-PHeptadecOx4 31 
20.6 

5.6 

  27 (21%) 

148 (78%) 
84 (100%) 3.7 (0.2) 

H2 PMeOx30-PHeptadecOx7.5 48 
21.3 

4.4 

  41 (  6%) 

356 (94%) 

  47 (  2%) 

279 (98%) 
1.8 (0.8) 

H3 PMeOx29-PHeptadecOx11 58 
14.1 

2.4 

150 (  9%) 

624 (91%) 

  48 (  7%) 

240 (93%) 
0.9 (1.1) 

H4 PMeOx40-PHeptadecOx8 42 
20.2 

3.4 

  47 (12%) 

286 (98%) 

  60 (  4%) 

310 (96%) 
5.9 (1.4) 

H5 PMeOx68-PHeptadecOx4.7 20 n.d. 
  39 (36%) 

228 (64%) 

  49 (42%) 

252 (58%) 
1.2 (0.5) 

H6 PMeOx78-PHeptadecOx7 25 
22.5 

2.5 

  45 (14%) 

220 (86%) 

  42 (11%) 

253 (89%) 
1.1 (0.8) 

H7 PMeOx81-PHeptadecOx9.5 30 
18.9 

1.9 

27 (3%) 

151 (97%) 

  61 (  6%) 

507 (94%) 
1.8 (1.0) 

H8 PMeOx75-PHeptadecOx11 35 n.d. 
75 (  7%) 

372 (93%) 

  55 (  3%) 

294 (97%) 
1.1 (0.1) 

H9 PMeOx84-PHeptadecOx15 40 
17.5 

1.4 

53 (6 %) 

178 (94%) 

  93 (16%) 

365 (84%) 
1.9 (0.9) 

H10 PMeOx127-PHeptadecOx4 11 n.d. 41 (100%) 
  39 (16%) 

214 (84%) 
4.6 (2.2) 

H11 PMeOx123-PHeptadecOx13 28 n.d. 
28 (  5%) 

137 (95%) 

  27 (  2%) 

153 (98%) 
2.2 (1.3) 

H12 PMeOx267-PHeptadecOx31 30 n.d. 172 (100%) 
  43 (  6%) 

182 (94%) 
5.6 (1.9) 

L1 PMeOx42-PLinOx5 31 
66.0 

11.5 

  19 (17%) 

264 (83%) 

  21 (  6%) 

139 (94%) 
7.2 (1.5) 

L2 PMeOx27-PLinOx7.5 50 
54.9 

11.9 

  23 (  1%) 

147 (99%) 
155 (100%) 1.4 (0.3) 

L3 PMeOx32-PLinOx12.5 59 
10.0 

1.5 

  31 (  1%) 

161 (99%) 

  44 (  2%) 

301 (98%) 
5.5 (2.1) 

L4 PMeOx55-PLinOx8.5 36 
74.4 

10.2 

20 (  2%) 

98 (98%) 
103 (100%) 2.2 (1.3) 

L5 PMeOx55-PLinOx12.5 45 
34.4 

4.0 

  22 (  1%) 

119 (99%) 

  22 (  2%) 

133 (98%) 
1.3 (0.5) 

L6 PMeOx80-PLinOx6 22 
66.9 

7.7 
39 (100%) 

  38 (24%) 

152 (76%) 
3.6 (0.8) 

L7 PMeOx78-PLinOx7 25 
45.7 

5.2 
39 (100%) 

  43 (30%) 

194 (70%) 
3.8 (1.3) 

L8 PMeOx94-PLinOx10.5 29 
19.9 

1.8 

  20 (  2%) 

108 (98%) 
115 (100%) 3.4 (3.0) 

L9 PMeOx100-PLinOx5 16 
95.5 

9.4 
50 (100%) 

  37 (19%) 

167 (81%) 
10.4 (2.1) 

[a] According to proton NMR compositional analysis. [b] Ratio of alkyl over methyl estimated by proton NMR 

compositional analysis. [c] CMC fluorescence measurement. [d] DLS, intensity weighted diameter. [e] UV/Vis 

measurement in triplicates applying the Liebermann-Burchard-reagent.  
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The cmc values were determined by solvatochromic fluorescence sprectroscopy measuring the 

pyrene solubility at different polymer concentrations. Micellization occurs in the micromolar 

concentration range (Table 3.3), which is in the expected order of magnitude for amphiphilic 

block copolymers.98 The cmc values generally decrease with an increasing hydrophobic content 

of polymers. This decrease most likely originates from the growing hydrophobic content 

according to the general trend that increased hydrophobic to hydrophilic ratios lead to smaller 

cmc values.67 Again, the occurrence of a cmc definitely indicates the self-assembly of single 

polymer chains into thermodynamically stable organized structures.183 The fluorescence 

intensities at 338 compared to 333 nm were plotted as a function of the polymer concentration 

(Figure 3.12) showing a significant kink in the curve for all polymer architectures.  

 
Figure 3.12. Plots of the fluorescence intensity ratios I338/I333 of excitation spectra vs. the logarithmic polymer 

concentration of different polyoxazoline block copolymers. The arrows indicate the determined cmc values. 

The position of this turning points represents the cmc values, which were found to vary with 

the applied polymer from small concentration in case of PMeOx28-PNonOx10 (orange curve) to 

higher concentrations of PMeOx27-PLinOx7.5 (red curve). After a sudden increase, the curves 

reach a plateau with I338/I333 values of 1.8 (HeptadecOx, green line), 1.6 (NonOx, orange line) 

and 1.1 (LinOx, red line). The I338/I333 values contains information on the polarity of the 

microenvironment and increase with the polarity of the media from non-polar solvents such as 

hexane (< 1.0) to highly polar solvents like water (> 1.9).67,79 However, these values are typical 

for such block polymer micelles indicating the pyrene solubilization within the micellar core of 

the particles.184, 185 
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o PMeOx-PNonOx block copolymers (N1 – N8) 

Amphiphilic block copolymers with hydrophobic segments composed of aliphatic linear C9 

chains are well-described in literature. PNonOx10-PMeOx32 self-assembles into micelles 

(RH = 13 nm) but also larger agglomerates (RH = 140 nm) and dissolved unimers (RH = 1.3 nm) 

are present. After annealing the solution at 60°C and above, big agglomerates vanish whereas 

micelles and unimers remain.181 Bonné et al. measured fluorescence correlation spectroscopy 

(FCS) of fluorescence-labeled PNonOx10-PMeOx32 and determined micelles with 11.3 nm 

radius and cmc of 22 • 10-6 mol/L. Furthermore, it has been identified that a segment of 

PNonylOx has fully stretched side chains whereas the PMeOx segment is coiled.179 Papadakis 

et al. measured SANS of PNonOx10-PMeOx32 and found hard spheres with 2.6 nm cores and 

3.9 nm shell radii.186 A slightly different architecture composed of PMeOx40-PNonOx7 self-

assembles into micelles with 13 nm radius above the cmc of 7.6 µM.179 However, the cmc value 

of PMeOx32-PNonOx10 is higher than of PMeOx40-PNonOx7 (22.0 vs. 7.6 µM) in spite of the 

higher hydrophobic to hydrophilic ratio (42 vs. 29 mol %), as conversely described by the 

theory.67  

In addition, Guerrero-Sanchez et al. have synthesized a library of block copolymers with 

systematic variation of both blocks from PNonOx20-PEtOx80 to PNonOx80-PEtOx20. Those 

polymers were solubilized in ionic liquids and DLS revealed hydrodynamic radii of 50 to 490 

nm, for increased PNonOx content.187 

In this projekt, a broad range of well-defined amphiphilic PMeOx-PNonOx diblock copolymers 

was synthesized with water-soluble PMeOx segments of 30 to 160 incorporated monomers 

combined with hydrophobic PNonOx segments having different hydrophobic contents between 

15 and 50 mol % (Table 3.3, N1 - N8). DLS analysis was applied as a general technique for 

particle size characterization. In addition, specific polymer architectures have been analyzed 

with advanced and elaborated techniques. 

The DLS investigations in general suggest the presence of very small polymer nanoparticles 

beside a bigger species. The hydrodynamic diameters of the small particles range from 7 nm 

(N1) to 41 nm (N8) correlating with the increasing hydrophilic block length of the PMeOx 

segment (Figure 3.13). Apparently, the hydrophobic content represents a second parameter, 

which influences the particle size. N7 polymer is composed of a very long hydrophilic segment 

(145 MeOx) and a relatively short hydrophobic block (7 NonOx), resulting in significantly low 

hydrodynamic diameter.  
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Figure 3.13. DLS investigations of PMeOx-PNonOx diblock copolymers. Correlation between PMeOx block 

lengths and number-weighted hydrodynamic diameters. For the sake of clarity, the hydrodynamic diameters of the 

bigger species are not considered.  

Since the short PMeOx chain N1 - N3 polymers reveal small particle sizes and high cholesterol 

loading capacities (discussed below), those polymers were analyzed by SAXS and TEM in 

more detail.  

 

N1. PMeOx34-PNonOx4 

SAXS analysis reveals two structural levels of the aqueous dispersion of PMeOx34-PNonOx4 

(N1). The first one with a gyration radius rG2 of 9.7 nm and a power-law slope q2 of -2.3 

suggesting disk-like polymer networks that constitute the subunit of the second species with 

q1 = -4.3 forming spherical micelles with a gyration radius rG1 over 30 nm. This is close above 

the resolution limit of the instrument for very low q values and hence, this size is not accurate 

(Figure 3.14, B). The cholesterol absorption of N1 (Figure 3.14, C) leads to a slight size increase 

of the small species (rG2 = 11.2 nm) whereas the particles morphology does not change 

significantly (q2 = 2.0). The course of the curve (at q values over 10-1 Å-1) indicates a second 

structural level, but due to inaccurate fitting at the region close to the beam stop, structural 

conclusions are not possible. Comparing to DLS measurements, SAXS derived particles sizes 

(of the small species) are almost double the size, which might be assigned to the polydispersity 

of the particle sizes. 
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N2. PMeOx29-PNonOx6 

TEM analysis of the native PMeOx29-PNonOx6 (N2) dispersion illustrates two major species 

of spherical particles with diameters of 15 nm and 29 nm (Figure 3.14, A). AUC sedimentation 

experiments underscore the bimodal size distribution of the native N2 polymer dispersion 

(Figure 3.14, D). After cholesterol absorption, the intensity of the bigger species decreases but 

is still present, whereas the intensity of the smaller particle species is remained possibly 

suggesting increased cholesterol uptake of the small species under structural reorganization. 

Synchroton-derived SAXS data indicate the presence of polymer networks of swollen chains 

for pure polymer dispersions (q = 1.5) with gyration radius rG of 14.2 nm (Figure 3.14, E), and 

furthermore, the size and morphology is not significantly changed after cholesterol absorption 

(q = 1.3, rG = 15 nm, Figure 3.14, F). For this polymer dispersion, the DLS suggested 

hydrodynamic diameters (N2 = 7 nm, N2+Chol = 14 nm) are very small compared to the TEM 

and SAXS interpretations, probably caused by the bimodal size distribution.  

 

 

Figure 3.14. Structural analysis of PMeOx34-PLinOx4 (N1) and PMeOx29-PLinOx6 (N2) before and after 

cholesterol absorption. (A) TEM micrograph of the native polymer dispersion (N2). Synchrotron-derived SAXS 

analysis of native polymer dispersion and of cholesterol loaded polymer dispersion, N1 (B), N1+Chol (C), N2 (E), 

N2+Chol (F). Non-diffusion corrected sedimentation coefficient distribution AUC measurement of native N2 

polymer dispersion (solid line) and of the cholesterol loaded N2 polymer dispersion (dashed line) at 60 000 rpm. 
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N3. PMeOx28-PNonOx10 

The TEM analysis of PMeOx28-PNonOx10 (N3) dispersion illustrates spherical particles of 

20 nm mainly, but also the presence of larger species with diameters between 60 and 100 nm 

(Figure 3.15, A). Interestingly, the cholesterol uptake leads to spherical particles that are utmost 

uniform size and shape with a diameter of 40 nm (Figure 3.15, B). AUC sedimentation profiles 

(Figure 3.15, C) reveal the presence of two major objects with low sedimentation coefficients 

(s = 3.5 and 10.0 S, resp.) before cholesterol uptake and the formation of only one particle 

species after cholesterol encapsulation. Moreover, cholesterol loaded particles possess slightly 

shifted s values (13.5 S), pointing towards the presence of larger species. The SAXS data reveal 

two structural levels of the native N3 dispersion. The Power-law slope value of q1 = 3.8 

indicates spherical micelles with gyration radius rG1 of 21.9 nm. The second structural level 

includes objects with rG2 = 6.9 nm and q2 = 1.1, which are larger than single dissolved polymer 

chains (rH = 1.3 nm) and smaller than the polymeric micelles (rH = 13 nm), determined by 

Bonné et al.179  

 

Figure 3.15. TEM, AUC and SAXS analysis of PMeOx28-PNonOx10 (N3) before and after cholesterol absorption. 

TEM micrographs of the native polymer dispersion (A) and after cholesterol absorption (B). Scale bars: 100 nm. 

C) Non-diffusion corrected sedimentation coefficient distribution AUC measurement of native polymer dispersion 

and of the cholesterol loaded polymer dispersion at 26 000 rpm. Synchrotron-derived SAXS analysis of native 

polymer dispersion (D) and of cholesterol loaded polymer dispersion (E). 
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The Power-law slope value q2 = 1.1 indicates typical polymer interactions, for instance polymer 

units that assemble into spherical micelles. However, the radius rG2 of 6.9 nm seems to be very 

high. After cholesterol absorption, the two structural levels are still present and the obtained 

values of rG1 = 22.3 nm, q1 = 3.9, rG2 = 4.4 nm and q2 = 1.6, indicate spherical micelles of about 

45 nm, composed of presumably stretched, comb-like polymer chains. The diameters of the 

cholesterol loaded particles are in excellent agreement with the TEM results. The DLS intensity 

weighted measurements reveal a very small species of 2 % intensity (N3: 11 nm, 

N3+Chol 12 nm) and larger species of 98 % intensity (N3: 66 nm, N3+Chol 81 nm). The order 

of magnitude of the DLS hydrodynamic diameters matches the SAXS and TEM data, but they 

are way bigger, even taken the H2O solvation shell into account.  

 

In conclusion, complementary analyses of the native N3 polymer dispersion suggests the self-

assembly of the unimers into polydisperse spherical particles. After cholesterol absorption the 

single chains dynamically reorganize and form highly uniform, spherical micelles about 40 nm 

diameter. The deviation from sizes described in literature might be assigned to the broader 

molecular weight distribution of PDi = 1.47, compared to the very narrow PDi of 1.07 reported 

by Bonné et al.179  
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o PMeOx-PHeptadecOx block copolymers (H1 – H12) 

Only poor descriptions of the saturated C17 based diblock copolymers are available in 

literature. Beck et al. from Henkel KGaA reported on the synthesis of four different PEtOx-

PHeptadecylOx architectures having limited aqueous solubility, especially above a 

hydrophobic ratio of 20 %.188 However, the concentrations of the aqueous polymer dispersions 

are not mentioned. Here, aqueous dispersions of an extended library of the saturated C17 based 

PMeOx-PHeptadecOx diblock copolymers with hydrophilic PMeOx segments have been 

investigated with respect to structural parameters such as size and morphology of the polymeric 

particles. As a general trend, the solubility of PMeOx-PHeptadecOx copolymer dispersions in 

water (0.5 mg/mL) decreases with increasing hydrophobic ratio, perceived by the increase of 

the turbidity of the translucent mixtures. Nevertheless, the absence of floating or precipitated 

solid material suggests the existence of solubilized matter. The aqueous dispersions of saturated 

C17 based diblock copolymers were investigated by DLS and SAXS, and specific polymer 

architectures were furthermore characterized by AUC and TEM analyses before and after 

cholesterol uptake (SI-III, figure S119-S149). Intensity weighted DLS analyses (Table 3.3 for 

all H polymers, Table 3.4) reveal the presence of two major species (except H1+Chol), a 

smaller one with lower intensities and a larger species with high intensities. As discussed above, 

the scattering intensity is dependent on RH
-6, which heavily skews the particle population 

towards larger particle sizes. This might mislead to an over-proportional presence of the bigger 

species. The smaller polymer particles possess hydrodynamic diameters between 30 and 70 nm, 

depending on the polymer architectures. The suspected general trend vaguely points towards 

larger sized populations in case of the increased molecular weight polymers (H1: 27 nm, H2: 

42 nm and H3: 150 nm) and maintained sizes for similar PMeOx/PHeptadecOx ratios. For 

instance, H1, H7 and H11 polymers have hydrophobic contents of 30 % and similar 

hydrodynamic diameters of about 27 nm. After cholesterol absorption, particle sizes increase 

when the amount of absorbed cholesterol is above 1.8 wt % (H1, H2, H4 and H7), remain (H6) 

or even decrease (H3 and H8) for polymers with lower cholesterol absorption values, according 

to DLS measurements.  

Compared to hydrodynamic diameters measured by DLS, SAXS analyses (Table 3.4) reveal 

significantly lower particle sizes (diameter of gyration) for all polymers H1 - H8,. This 

discrepancy is apparently very high, and hence, might not arise from the contribution of hydrate 

shells.  
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Table 3.4. DLS and SAXS characterization data of PMeOx-PHeptadecOx before and after cholesterol absorption. 

Entry Polymer composition 
DLS 

DH [nm] [a] 

SAXS 

DG [nm] [b] 

Power-law 

slope q 
[b] 

Absorbed 

cholesterol  

[wt%] [c] 

H1 

PMeOx33-b-PHeptadecOx4 
  27 (22%) + 148 (78%) 

> 60 * 2.2 (±0.0) 

3.7 (0.2) 

PMeOx33-b-PHeptadecOx4 + Chol 84 (100%) 46.0 (±0.4) 1.6 (±0.0) 

H2 

PMeOx30-b-PHeptadecOx7.5 
  41 (  6%) + 356 (94%) 

4.8 (±0.1) 4.1 (±0.6) 

1.8 (0.8) 

PMeOx30-b-PHeptadecOx7.5 + Chol 
  47 (  2%) + 279 (98%) 

5.4 (±0.1) 3.6 (±0.4) 

H3 

PMeOx29-b-PHeptadecOx11 150 (  9%) + 624 (91%) 5.2 (±0.2) 4.0 (±0.0) 

0.9 (1.1) 

PMeOx29-b-PHeptadecOx11 + Chol 
  48 (  7%) + 240 (93%) 

n.d. n.d. 

H4 

PMeOx40-b-PHeptadecOx8 
  47 (12%) + 286 (88%) 

5.6 (±0.8) 1.9 (±0.8) 

5.9 (1.4) 

PMeOx40-b-PHeptadecOx8 + Chol 
  60 (  4%) + 310 (96%) 

5.6 (±0.2) 3.5 (±1.5) 

H6 

PMeOx78-b-PHeptadecOx7 
  45 (14%) + 220 (86%) 

26.4 (±0.4) 3.2 (±0.4) 

1.1 (0.8) 

PMeOx78-b-PHeptadecOx7 + Chol 
  42 (11%) + 253 (89%) 

19.4 (±2.0) 1.8 (±3.8) 

H7 

PMeOx81-b-PHeptadecOx9.5 
  27 (  3%) + 151 (97%) 

5.0 (±0.2) 1.8 (±0.2) 

1.8 (1.0) 

PMeOx81-b-PHeptadecOx9.5 + Chol 
  61 (  6%) + 507 (94%) 

11.8 (±1.2) 1.7 (±0.2) 

H8 

PMeOx84-b-PHeptadecOx15 
  75 (  7%) + 372 (93%) 

6.2 (±0.2) 1.6 (±0.2) 

1.1 (0.1) 

PMeOx84-b-PHeptadecOx15 + Chol 
  55 (  3%) + 294 (97%) 

> 60 * 3.0 (±0.0) 

 [a] DLS, intensity weighted diameter. [b] Determined Guinier parameter (diameter of gyration and power-law slope 

q) of the modelled SAXS data [c] UV/Vis measurement in triplicates applying the Liebermann-Burchard-reagent.  

* Lower bound in the scattering object size due to the resolution limit of the instrument at very low q. 

According to SAXS analyses, the C17 based copolymers organize into nanoscopic assemblies, 

with very small sizes about 5-6 nm (H2, H3, H4, H7 and H8). Instead, the particle sizes of H1 

(PMeOx33-PHeptadecOx4) and H6 (PMeOx78-PHeptadecOx7) assemble into larger nano-

objects of over 60 nm and 26 nm, respectively. This trend is generally similar for all particles 

after cholesterol absorption. Interestingly, cholesterol uptake has a significant impact on the 

particle habitus of H4, H7 and H8. The size of PMeOx40-PHeptadecOx8 (H4) particles remains 

constant, but the morphology changes from polymeric disk-like mass fractals (q = 1.9) towards 

polymeric micelles (q = 3.5). The longer PMeOx81-PHeptadecOx9.5 (H7) maintains the shape 

of polymeric disk-like, mass fractals (q = 1.8) but doubles the diameter from 5 to 12 nm. 

Cholesterol uptake affects most the statute of PMeOx84-PHeptadecOx15 (H8), in terms of a 

remarkable size increase (6 nm to over 60 nm) and a structural rearrangement from swollen 

polymeric chains (q = 1.6) into clustered networks (q = 3.0). 

H2 (PMeOx30-PHeptadecOx7.5) was additionally investigated by TEM and AUZ analysis. TEM 

images illustrate flake-like objects in the size range of 5 - 25 nm with major sizes between 

7 – 13 nm (Figure 3.16, A) and cholesterol absorption leads to spherical particles about 12 nm 

(Figure 3.16, B). Besides the small particles, large droplets are distributed over the whole TEM 
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grid including larger assemblies of the small nano-sized entities. Although the reason for this 

droplet formation remains unclear, it can be assumed that drying artefacts or precipitation of 

the polymer from the aqueous dispersion occurred, and hence, this domain favors the presence 

of particle assemblies. SAXS analysis (Figure 3.16, D+E) suggests the self-assembly of the 

H2 copolymer into spherical micelles (q = 4.1) with very a small diameter of 5 nm. Cholesterol 

absorption leads to a slight increase of the size to 5.4 nm, and as the reduction of the dense 

particles structure is minimal (q = 3.6), the morphology is supposed to be maintained. However, 

SAXS analysis only matches the lower limits of the TEM particles sizes. The AUC 

sedimentation experiments (Figure 3.16, C) first reveal that sedimentation occurs very early at 

low centrifugal speeds of 6 000 rpm, which might indicate the presence of larger agglomerates 

of assembled small particle entities. Second, the sedimentation profile shows a pronounced peak 

at 370 S and some tiny hills (1500 - 3500 S) suggesting the presence of one major particle 

population besides some larger objects. After cholesterol absorption, the sedimentation profile 

is generally retained indicating the principal maintenance of the particle habitus, whereas the 

main peak is slightly shifted to earlier sedimentation events at 310 S due to density changes. 

 
Figure 3.16. TEM, AUC and SAXS analysis of PMeOx30-PHeptadecOx7.5 (H2) before and after cholesterol 

absorption. TEM micrographs of the native polymer dispersion (A) and after cholesterol absorption (B). Scale 

bars: 200 nm. C) Non-diffusion corrected sedimentation coefficient distribution AUC measurement of native 

polymer dispersion and of the cholesterol loaded polymer dispersion at 6 000 rpm. Synchrotron-derived SAXS 

analysis of native polymer dispersion (D) and of cholesterol loaded polymer dispersion (E).  
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o PMeOx-PLinOx block copolymers (L1 – L9) 

Amphiphilic diblock copolymers based on polyoxazolines with linear unsaturated aliphatic side 

chains are described by Hoogenboom et al. with polymer compositions of PEtOx68-PSoyOx11 

and PEtOx68-PSoyOx18.
177 Again, the SoyOx monomers represents oxazoline with mixed single 

(32 %) and multiple (68 %) unsaturated C17 side chains, which had been synthesized from 

soybean oil. Both of the two macromolecules were prepared by microwave-assisted 

polymerization and obtained with molecular weight distributions of PDi = 1.2. Polymer 

micelles of 10 and 14 nm (DH) were found by DLS analysis in water (0.2 mg/mL). Moreover, 

polyoxazolines based block copolymers with terminal olefin side chains with 2-butenyl and two 

decenyl side chains (PMeOx-PBuOx and PMeOx-PDecenOx) are described by Gress et al.167 

and Kempe et al.189, respectively. Instead of using the (cis) double bond as incorporated domain 

to inhibit crystallization of the side chains, those macromolecules were post-functionalized 

since the position of terminal olefins facilitates the accessibility. 

 

In this project, the synthesized PMeOx-PLinOx copolymers with hydrophobic ratios between 16 

and 50 mol % and degrees of polymerization up to 105 are completely soluble in water. Only 

PMeOx32-PLinOx12.5 (L3) with a hydrophobic ratio of 59 mol % has a decreased solubility in 

aqueous solution. The structure of those polymer dispersions was investigated by complementary 

methods. First, DLS and SAXS were applied as characterization techniques for all unsaturated C17 

based copolymers (Table 3.5).  

In general, DLS analyses reveal the presence of two populations, small particles with 

hydrodynamic diameter of 20 - 50 nm and a significantly larger species. Cholesterol absorption 

has either no influence on the particle sizes (L1, L5, L6 and L7) or leads to growing particle 

sizes (L2, L3, L4 and L8), considering only the smaller particles. For the polymer composition 

PMeOx100-PLinOx5 (L9), cholesterol uptake leads to the reduction of the particles sizes from 

50 to 39 nm. As already described for PMeOx-PHeptadecOx copolymers, SAXS data suggest 

the presence of smaller L particles in contrast to DLS measurements. Nevertheless, the 

determined particle sizes by both methods are in good agreement for some polymer structures 

(L2, L4 and L8). Moreover, particle morphologies of spherical micelles (q ~ 4) and clustered 

polymer networks (q ~ 3) were found for most of the L-architectures. Cholesterol encapsulation 

has no significant effect on the particle sizes and shapes (L1 - L7, L9), according to the SAXS 

analysis. Except in case of the PMeOx94-PLinOx10.5 (L8), which is supposed to rearrange into 

smaller (53  34 nm / 18  11 nm) and denser (q = 2  3.4) objects after cholesterol loading. 
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Table 3.5. DLS and SAXS characterization data of PMeOx-PLinOx before and after cholesterol absorption. 

Entry Polymer composition 

DLS 

DH [nm] [a] 

SAXS 

DG [nm] [b] 

Power-law  

slope q 
[b] 

Absorbed 

cholesterol  

[wt%] [c] 

L1 

PMeOx42-b-PLinOx5 
19 (17%) + 264 (83%) 

11.4 (±0.0) 3.2 (±0.1) 

7.2 (1.5) 
PMeOx42-b-PLinOx5 + Chol 

21 (  6%) + 139 (94%) 
11.4 (±5.8) 2.5 (±0.0) 

L2 

PMeOx27-b-PLinOx7.5 
23 (  1%) + 147 (99%) 

> 60 * + 29.0 (±0.2) 2.9 (±0.1) / 3.3 (±0.0) 

1.4 (0.3) 

PMeOx27-b-PLinOx7.5 + Chol 
155 (100%) 

> 60 * + 30.4 (±0.2) 2.5 (±0.9) / 3.0 (±0.0) 

L3 

PMeOx32-b-PLinOx12.5 
31 (  1%) + 161 (99%) 

> 60 * 4.3 (±0.0) 

5.5 (2.1) 

PMeOx32-b-PLinOx12.5 + Chol 
44 (  2%) + 301 (98%) 

> 60 * 3.8 (±0.0) 

L4 

PMeOx55-b-PLinOx8.5 
20 (  2%) + 98 (98%) 

> 60 * + 15.6 (±30) 1.1 (±0.1) / 2.6 (±0.0) 

2.2 (1.3) 

PMeOx55-b-PLinOx8.5 + Chol 
103 (100%) 

> 60 * + 13.8 (±0.1) 0.9 (±0.1) / 2.7 (±0.0) 

L5 

PMeOx55-b-PLinOx12.5 
22 (  1%) + 119 (99%) 

52.2 (±0.1) 3.6 (±0.1) 

1.3 (0.5) 

PMeOx55-b-PLinOx12.5 + Chol 
22 (  2%) + 133 (98%) 

59.4 (±2.0) 3.0 (±0.1) 

L6 

PMeOx80-b-PLinOx6 
39 (100%) 

13.4 (±0.1) 2.5 (±0.0) 

3.6 (0.8) 

PMeOx80-b-PLinOx6 + Chol 
38 (24%) + 152 (76%) 

13.6 (±5.8) 2.9 (±0.1) 

L7 

PMeOx78-b-PLinOx7 
39 (100%) 

18.0 (±0.1) 3.9 (±0.8) 

3.8 (1.3) 

PMeOx78-b-PLinOx7 + Chol 
43 (30%) + 194 (70%) 

18.2 (±0.1) 2.9 (±0.8) 

L8 

PMeOx94-b-PLinOx10.5 
20 (  2%) + 108 (98%) 

52.8 (±0.2) + 18 (±0.2) 2.0 (±0.1) / 2.1 (±0.0) 

3.4 (3.0) 

PMeOx94-b-PLinOx10.5 + Chol 
115 (100%) 

33.8 (±0.2) + 11 (±0.1) 3.4 (±0.0) / 1.8 (±0.0) 

L9 

PMeOx100-b-PLinOx5 
50 (100%) 

12.4 (±0.2) 2.6 (±0.4) 

10.4 (2.1) 

PMeOx100-b-PLinOx5 + Chol 
37 (19%) + 167 (81%) 

14.0 (±0.1) 2.5 (±0.0) 

 [a] DLS, intensity weighted diameter. [b] Determined Guinier parameter (diameter of gyration and power-law slope 

q) of the modelled SAXS Data [c] UV/Vis measurement in triplicates applying the Liebermann-Burchard-reagent. 

* Lower bound in the scattering object size due to the resolution limit of the instrument at very low q. 

 

The polymer architectures with the highest capacity for cholesterol uptake (L1 and L9) were 

additionally investigated by TEM and AUC in the following.  
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L1 PMeOx42-b-PLinOx5  

Spherical particles with sizes between 8 and 16 nm, which increase to 10 and 30 nm after 

cholesterol absorption, were identified by TEM analysis (Figure 3.17, A and B). SAXS data 

reveal the presence of round clustered polymer networks (q = 3.2) of 11 nm gyration radius. 

After cholesterol absorption the package density is decreased (q = 2.5), while the size of 11 nm 

is maintained (Figure 3.17, D and F). Those sizes are slightly smaller as measured by TEM but 

still matching the size range. Moreover, AUC experiments show sedimentation events (Figure 

3.17, C) of the native polymer dispersion at maximum velocity of 60 000 rpm. The high-

intensity peak at 0.2 S suggests the presence of one well-defined major species beside other 

objects, which sediment over the broader range between 2 and 7 S. The sedimentation profile 

of the cholesterol loaded polymer is similar to the native polymer dispersion suggesting no 

remarkable morphological changes. Particle sizes of 19 and 21 nm have been identified by DLS 

analyses (Table 3.5), before and after cholesterol uptake, which is in good agreement with the 

size ranges of the L1 particles. 

 

Figure 3.17. TEM, AUC and SAXS analysis of PMeOx42-PLinOx5 (L1) before and after cholesterol absorption. 

TEM micrographs of the native polymer dispersion (A) and after cholesterol absorption (B). Scale bars: 100 nm. 

C) Non-diffusion corrected sedimentation coefficient distribution AUC measurement of native polymer dispersion 

and of the cholesterol loaded polymer dispersion at 60 000 rpm. Synchrotron-derived SAXS analysis of native 

polymer dispersion (D) and of cholesterol loaded polymer dispersion (E).  
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L9 PMeOx100-PLinOx5 

TEM imaging reveal the homogenous distribution of uniform spherical objects with 12 nm in 

diameter and increased particle sizes after cholesterol encapsulation between 15 and 45 nm 

(Figure 3.18, A and B). This size increase presumably arises because of the high amount of 

absorbed cholesterol (10.4 wt %). The SAXS data (Figure 3.18, D and E) suggest the presence 

of particles composed of clustered polymer networks (q = 2.6) with the size of 12 nm diameter, 

which slightly grow after the cholesterol uptake (14 nm) while maintaining the morphology 

(q = 2.5). The determined diameter of the native particles is in good agreement with the TEM 

images, whereas the size of the cholesterol loaded particles are touching the lower limit. Here 

again, the AUC sedimentation profile indicates the presence of one well-defined particle species 

(0.2 S), besides some larger objects (1 - 4 S) (Figure 3.18, D and E).  

 

Figure 3.18. TEM, AUC and SAXS analysis of PMeOx100-PLinOx5 (L9) before and after cholesterol absorption. 

TEM micrographs of the native polymer dispersion (A) and after cholesterol absorption (B). Scale bars: 100 nm. 

C) Non-diffusion corrected sedimentation coefficient distribution AUC measurement of native polymer dispersion 

and of the cholesterol loaded polymer dispersion at 60 000 rpm. Synchrotron-derived SAXS analysis of native 

polymer dispersion (D) and of cholesterol loaded polymer dispersion (E). 
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3.3.7 Conclusion 

In summary, a systematic library of amphiphilic diblock copolymers based on polyoxazolines 

was synthesized. Hydrophilic blocks of poly-2-methyl-2-oxazoline were combined with 

hydrophobic blocks of several poly-2-alkyl-2-oxazolines including saturated (C9 and C17) and 

unsaturated (C17), aliphatic side chains. Thermal analysis demonstrated the presence of 

semicrystalline domains for copolymers with saturated C17 side chains. Diblock copolymers 

with shorter saturated C9 or unsaturated C17 side chains possess amorphous domains. All block 

copolymers self-assemble into low nano-sized polymeric particles. These nanoparticles 

represent polymeric scaffolds, which liquify and encapsulate respectable amounts of 

hydrophobic molecules (cholesterol and Sudan III) with a clear tendency: The semicrystalline 

domains of saturated C17 copolymers hamper the cholesterol absorption (6 wt %), since the 

stretched heptadecyl side chains are “frozen” in the micellar core. Instead, the amorphous 

character of copolymers with unsaturated C17 or shorter saturated C9 chains entail higher 

cholesterol absorption capacities up to 10 wt% and 16 wt%.  

Based on this elaborated screening process, well-defined polymer architectures have been 

identified, which first consume significant amounts of hydrophobic molecules and second have 

small diameters. Therefore, macromolecules with the polymer composition of PMeOx28-

NonOx10 (N3, ~40 nm micelles, 16 wt % Chol), PMeOx42-PLinOx5 (L1, 10-30 nm particles, 

7.2 wt % Chol), PMeOx100-PLinOx5 (L9, 15 nm (up to 45 nm) particles, 10.4 wt % Chol) 

represent polymer particles as potential candidates for cholesterol solubilization, which are 

supposed to excrete passively over the renal pathway. 
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3.4 Cholesteryl-functionalized diblock and triblock polyoxazolines 

This project includes the polymerization of well-defined, polyoxazoline-based block copolymer 

backbones with pendent terminal olefin and resp. alkyne side chains, representing anchor 

groups for thiols and azides, respectively, (Figure 3.19) via orthogonal post polymerization 

modification (PPM). The gradual functionalization with thio-cholesterol via thiol-ene click 

photochemistry led to the straightforward preparation of architectural libraries of amphiphilic 

block copolymers. Additionally, the multifunctional block copolymers with anionic and 

hydrophobic binding sites were prepared by orthogonal synthesis by copper catalyzed azide-

alkyne coupling (CuAAC) and thiol-ene click reaction. Anionic carboxylates and hydrophobic 

cholesteryl groups were attached to the polyoxazoline backbone in order to mediate 

simultaneous solubilization of hydroxyapatite and hydrophobic molecules. The initial 

development of the synthetic procedure includes the monomer synthesis, polymerization 

reaction and post polymerization modification in order to obtain the first four structures of 

multifunctional polyoxazolines. This was performed by Enriko Zeller and described in the 

Bachelor thesis.190 

 

Figure 3.19. Chemical structure of the polyoxazoline based, multifunctional triblock copolymer for the 

encapsulation of mineral and hydrophobic compounds. Amphiphilic diblock copolymer do not contain the alkyne 

segment. 
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3.4.1 Introduction 

Polyoxazolines with reactive side chains combine the oxazoline-based advantages such as 

biocompatibility with the opportunity for the chemoselective introduction of desired functional 

groups (FG) to the polymer backbones by post polymerization modification.165 The post-

modification approach includes the large potential of separate parameter variation, such as the 

degree of functionalization while keeping other parameters constant for instance the block 

lengths by using the same polymer backbone. A broad range of PPM reactions of different 

chemical functionalities are well-described and used in various fields.191, 192 The radical reaction 

between thiols and olefins is one of them, characterized by extended compatibility with FGs 

and moderate synthesis conditions, representing optimal prerequisites for polyoxazolines. For 

instance, the research group of Helmut Schlaad pioneered the post-modification of poly-2-(3-

butenyl)-2-oxazolines (PBuOx) homopolymers, but also of statistical copolymers of PMeOx-

stat-PBuOx by photochemical thiol-ene click reactions, applying various thiols with different 

physicochemical properties.167 Tritschler et al. prepared poly-2-(3-butenyl)-2-oxazoline 

backbones, which were post-modified by UV click chemistry with thiocholesterol and thio-

propionic acid for controlled orientation of gold nanorods.193 Dargaville et al. described the 

polymerization of PMeOx380-PBuOx20 block copolymers, which were cross linked with dithiols 

afterwards in order to obtain hydrogels instead of polymer micelles.173 Another example for 

photochemical click PPM was reported by Schmitz et al. describing the polyoxazoline 

functionalization with cysteine moieties for multiple peptide conjugation.194  

Another valuable PPM reaction is represented by copper-mediated Huisgen 1,3-dipolar 

cycloaddition reaction that has been extensively used, based on high yields and mild reaction 

conditions in aqueous or in organic media.191, 195, 196 This concept has been adapted to the 

polyoxazoline family by Luxenhofer and Jordan describing the novel synthesis and 

polymerization of 2-(4-pentynyl)-2-oxazoline (PynOx) monomers and the PPM by using the 

copper catalyzed alkyne azide coupling reaction (CuAAC) of different azide derivatives.168 This 

development was fundamental for the application of POx in many different fields such as virus-

like particles197, smart bioinspired polymers155, and polymer therapeutics156. 

Furthermore, block copolymers of polyoxazolines with cholesteryl moieties are barely 

described in literature. Xu et al described the synthesis of cholesteryl terminated poly(2-ethyl-

2-oxazoline as liposomal vesicles for drug delivery.198, 199 However, the combination of alkyne 

and olefin groups in one polymer backbone is not described, yet. 
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3.4.2 Monomersynthesis 

The 2-oxazoline monomers with terminal olefin and alkyne functionalities were synthesized as 

described by the groups of Schlaad167 and Jordan168, respectively (Figure 3.20). 

 

Figure 3.20. Schematic representation of the monomer syntheses of 2-(3-butenyl)-2-oxazoline (BuOx, R1) and 2-

(4-pentynyl)-2-oxazoline (PynOx, R2). 

Initially, the olefin containing 2-(3-butenyl)-2-oxazoline (BuOx) monomer was prepared in a 

one-pot synthesis via α-deprotonation of 2-methyl-2-oxazoline prior to the addition of allyl 

bromide at - 78°C, as reported by Dargaville et al.173 The synthesis of 2-(4-pentynyl)-2-

oxazoline (PynOx) with a terminal alkyne function was adopted from Schlaad and coworkers 

but with slightly optimized conditions.167  

 

Figure 3.21. A) 1H-NMR spectra of 2-(3-butenyl)-2-oxazoline (BuOx, top) and 2-(4-pentynyl)-2-oxazoline 

(PynOx, bottom) in CDCl3. B) Gas chromatography spectra of BuOx (top) and PynOx (bottom). 
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This modified Wenker method includes the succinimidyl-activation of 4-pentynoic acid prior 

to formation of the corresponding chloroethyl pentynoyl amide, followed by alkaline KOH 

cyclization. The crude products were washed with potassium carbonate solution, which is 

crucial in order to increase the final yield substantially after the purification processes. Both 

crude oxazoline derivates (BuOx and PynOx) were distilled for further purification and 

obtained in excellent overall yields compared to literature (83 % and 60 %) and high purities as 

determined by NMR and GC analysis (Figure 3.21, A and B). In addition, the exact molecular 

weights were determined by ESI-MS analyses. The complete characterization data is provided 

in the supplementary section (SI-III, figure S220-S225).  

3.4.3 Polymerization  

The synthetic pathway (Figure 3.22) includes the block copolymerization of oxazoline 

monomers to obtain backbones with pendent olefin domains (A-C diblock copolymers) and 

with both alkyne and olefin moieties (A-B-C triblock copolymers). The block copolymers were 

post-functionalized by orthogonal click reactions. Therefore, thiocholesterol and resp. azido 

hexanoic acid were applied to obtain amphiphilic diblock copolymers and resp. multifunctional 

triblock copolymers with hydrophilic (A), hydrophobic (C) and resp. ionic (B) segments.  

 

Figure 3.22. Schematic representation of the copolymerization using 2-methyl-2-oxazoline as hydrophilic block 

and 2-(4-pentynyl)-2-oxazoline and 2-(3-butenyl)-2-oxazoline for orthogonal post-modification via Azide-

Alkyne- and Thiol-ene click reaction. 
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For polymerization, the diblock copolymers poly-2-methyl-2-oxazoline-block-poly-2-(3-

butenyl)-2-oxazolines (PMeOx-PBuOx) and triblock copolymers poly-2-methyl-2-oxazoline-

block-poly-2-(4-pentynyl)-2-oxazolines-block-poly-2-(3-butenyl)-2-oxazolines (PMeOx-

PPynOx-PBuOx) were prepared via oil-bath synthesis and microwave-assisted synthesis, 

respectively. A systematic library of polyoxazolines with varying degree of polymerization was 

synthesized in a glovebox, using methyl trifluoromethanesulfonate (MeOTf) to initiate the 

cationic ring-opening polymerization of varying amounts of MeOx prior to the subsequent 

addition of the second and resp. the third monomers. After termination with H2O or piperidine, 

the copolymers were purified by exhaustive dialysis against methanol first, and water second 

(MWCO = 1000 g/mol) and finally obtained as colorless solids after lyophilization. All polymer 

architectures are composed in the table below (Table 3.6), and the full characterization data is 

provided in the supplementary section (SI-III, figure S234-S261).  

Table 3.6. Characterization data of synthesized poly-2-methyl-2-oxazoline-block-poly-2-(3-butenyl)-2-oxazolines 

PMeOx-PBuOx diblock copolymers and poly-2-methyl-2-oxazoline-block-poly-2-(4-pentylnyl)-2-oxazoline-

block-poly-2-(3-butenyl)-2-oxazolines PMeOx-PPynOx-PBuOx triblock copolymers.  
 

Entry Method 
Polymer  

composition [a] 

Stoichiometry [b] 

[I] : [M1] : [M2] 

( : [M3]) 

PDi [c] 

 

Mw/Mn 

Mn (GPC) [c] 

 

[kg/mol] 

Mn (NMR) [a] 

 

[kg/mol] 

1 (2) PMeOx42-PBuOx4 1 : 40 : 4 n.d. n.d. 4.1 

2 (2) PMeOx42-PBuOx5 1 : 40 : 5 1.27 [NMP] 4.4 4.3 

3 (2) PMeOx44-PBuOx6 1 : 40 : 6 n.d. n.d. 4.5 

4 (2) PMeOx50-PBuOx2 1 : 40 : 2 n.d. n.d. 4.5 

5 (2) PMeOx57-PBuOx8 1 : 50 : 9 n.d. n.d. 5.9 

6 (1) PMeOx58-PBuOx9 1: 60 : 10 1.25 [NMP] 5.8 6.1 

7 (1) PMeOx60-PBuOx11 1 : 40 : 10 1.41 [NMP] 6.5 6.3 

8 (1) PMeOx67-PBuOx4.5 1 : 50 : 10 1.22 [NMP] 8.5 6.3 

9 (1) PMeOx76-PBuOx12 1 : 50 : 10 1.39 [NMP] 4.2 7.9 

10 (1) PMeOx82-PBuOx14 1: 45 : 10 1.49 [NMP] 3.9 8.8 

11 (2) PMeOx87-PBuOx15 1 : 80 : 15 1.40 [NMP] 8.7 9.4 

= = = = = = == = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = = = = == = = = = == = = = = = = = = = = = = = = = = = = = = = = == = = = = == = = = = = = = = = = = = = = = = = = = = = =  

12 (1) PMeOx46-PPynOx11-PBuOx11 1 : 50 : 10 : 10 1.73 [NMP] 6.8 6.9 

13 (2) PMeOx50-PynOx9-PBuOx9 1 : 50 : 10 : 10 1.13 [NMP] 9.3 6.6 

14 (2) PMeOx51-PPynOx34-PBuOx11.5 1 : 50 : 30 : 10 1.43 [NMP] 11.8 10.5 

15 (1) PMeOx56-PynOx11-PBuOx8.5 1 : 60 : 10 : 10 1.30 [NMP] 8.2 7.3 

16 (1) PMeOx62-PynOx18-PBuOx11 1 : 45 : 10 : 10 1.50 [NMP] 5.0 9.0 

(1) Oil bath polymerization. (2) Microwave-assisted polymerization. [a] Proton NMR compositional analysis. [b] 

Stoichiometric polymerization loading with methyl triflate (I), 2-methyl-2-oxazoline (M1), 2-(3-butenyl)-2-

oxazoline (M2) and 2-(4-pentynyl)-2-oxazoline (M3). [c] GPC in NMP against PS-standard. 
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The average composition of the polymers was estimated by proton NMR (Figure 3.23) via 

endgroup analysis using the methyl initiator signals at 2.94 and 3.03 ppm in proportion to the 

methyl group (1), the vinylic proton (6) for BuOx and the respective methylene group (9) for 

PynOx. Most commonly, the final polymer composition was well-controlled over stoichiometry 

by batch loading, independent of the preparation method. The number averaged molecular 

weights (Mn) and their distribution was determined by gel permeation chromatography in 

N- methyl pyrolidone (NMP). The PDi values are little higher as expected (1.2-1.5) for living 

polymerization mechanism (usually below 1.2), probably arising from side reaction, such as 

chain transfer or β-elimination. Long oil bath reaction times or high temperatures of 200 °C 

during microwave polymerization might favor the broadening of the PDi.182 Nevertheless, the 

determined Mn values are in most cases in good agreement with those calculated by NMR 

(Table 3.6).  

 

Figure 3.23. Proton NMR (400 MHz) of exemplary polymer structures of PMeOx-PBuOx (top) and PMeOx-

PPynOx-PBuOx (bottom) in CDCl3. 

 

  

3.4.4 Post-polymerization modification by click chemistry 

Click chemistry is a convenient tool for post-functionalization of specific domains under mild 

conditions, which is widely used in peptide chemistry. Especially copper-catalyzed azide-

alkyne Huisgen 1,3-dipolar cycloadditions and the photochemical thiol-ene click reaction 
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represent two prominent pathways. Both click reactions are well-described for polyoxazolines 

with quantitative conversion.167, 168 Those clicking tools were adopted to the polyoxazoline-

based diblock and triblock copolymers in order to orthogonally functionalize the specific blocks 

with cholesteryl and resp. carboxylates moieties (Figure 3.22).  

I. Diblock copolymers (PMeOx-PBuOx) 

The syntheses of cholesteryl functionalized diblock copolymers were proceeded with different 

stoichiometric ratio ([Chol-SH]/[C=C] = 0.1 - 2) for gradual modification. Since 

thiocholesterol (Chol-SH) is expensive, the thiol-compound was synthesized in a two-step 

reaction starting from cholesterol (Chol-OH) and purified by column chromatography (SI-III, 

figure S262-S280).200,201 For post-functionalization, the mixture was stirred for two days in a 

nitrogen atmosphere in the presence the photoinitiator 2,2-Dimethoxy-2-phenylacetophenone 

(DMPA) and irradiated by UV light (λ = 356nm). The polymers were purified by exhaustive 

dialysis against methanol and water (spectra pore 6, MWCO = 1000 g/mol). The colorless 

powders were washed with diethylether for final purification. Negative Ellman tests 202 confirm 

the absence of free, non-reacted thiocholesterol (not shown here). All post-modified diblock 

copolymers with cholesteryl moieties are composed in the following table. 

Table 3.7. Polymer library of cholesteryl modified Poly-2-methyl-2-oxazoline-block-Poly-2-(3-butenyl)-2-

oxazoline (PMeOx-PBuOx). 
 

Entry Copolymers composition[a] 
Hydrophobic content [b] 

[mol%] 

F1 PMeOx28-PBuOx8(Chol)4 52 

F2 PMeOx43-PBuOx2(Chol)1.1 16 

F3 PMeOx46-PBuOx6(Chol)0.8 21 

F4 PMeOx44-PBuOx6(Chol)1.2 25 

F5 PMeOx50-PBuOx11(Chol)3.8 41 

F6 PMeOx67-PBuOx5(Chol)1.8 18 

F7 PMeOx58-PBuOx9(Chol)2.4 29 

F8 PMeOx58-PBuOx9(Chol)3.3 33 

F9 PMeOx64-PBuOx11.5(Chol)3 33 

F10 PMeOx60-PBuOx11(Chol)6 43 

F11 PMeOx80-PBuOx16(Chol)1.5 28 

F12 PMeOx75-b-PBuOx11(Chol)4 32 

F13 PMeOx75-b-PBuOx10(Chol)7 39 

[a] Proton NMR compositional analysis. [b] Ratio of PBuOx(Chol) over total molecular weight estimated by proton 

NMR compositional analysis. 
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The average amount of covalently-attached cholesteryl molecules was estimated by proton 

NMR compositional analysis (as exemplarily demonstrated in Figure 3.24). Here, the proton 

signal of the steroidal C18-methyl group at 0.66 ppm (9) was used to determine the amount of 

attached cholesteryl molecules. For instance, PMeOx58-PBuOx9(Chol)3.3 (Table 3.7, F8) was 

synthesized using 4 equivalents of thiocholesterol and 3.3 cholesteryl molecules are linked to 

the polymer backbone PMeOx58-PBuOx9 (Table 3.6, entry 6). GPC analyses in NMP revealed 

increased Mn values (6.1  6.9 kg/mol) and a slight increase in the PDi (1.21  1.29) after 

cholesteryl modification.  

 
Figure 3.24. Proton NMR spectrum (400 MHz, CDCl3) (A) and GPC traces in NMP (C) of the exemplary polymer 

structure PMeOx58-PBuOx9(Chol)3.3 (F8) after post modification of PMeOx58-PBuOx9 (B – GPC). 

 

II. Triblock copolymers (PMeOx-PPynOx-PBuOx) 

Since thiols and alkynes react as well,203 the syntheses of the triblock copolymers requires the 

correct order including the Huisgen cycloaddition first and the thiol-ene reaction second. The 

azide alkyne coupling was performed according to Luxenhofer et al. with the stoichiometric 

ratio [C≡C]/[N3]/[CuII] of 1 : 1.5 : 0.06 in a water/tert-butanol mixture.168 Azido-hexanoic acid 

was used for the attachment of carboxylates onto the alkyne block. The molecule was 

synthesized starting from bromo-hexanoic acid and obtained in high purity (SI-III, figure S226-

S228).204 Copper II sulfate was added and reduced in situ to the catalytic-active copper (I) 

species in the presence of sodium ascorbate. After stirring for 3-4 days, 
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ethylenediaminetetraacetic acid (EDTA) was added to the greenish mixture in order to complex 

the residual copper and removed again by dialysis first against NaCl solution and second against 

water. Colorless solids were obtained after lyophilization and characterized by 1H-NMR 

spectral analysis (Figure 3.25), showing quantitative carboxylate modification.  

 

Figure 3.25. Exemplary proton NMR spectrum (400 MHz, methanol-d) of the polymer structure PMeOx62-

PPynOx18(COOH)18-PBuOx11. 

The carboxylate-functionalized block copolymer was further functionalized with pendent 

cholesteryl moieties by photochemical thiol-ene addition of thiocholesterol as described above 

(Figure 3.22). The reaction was proceeded with [ene]/[thiol] ratio of 0.5. After 1 day of UV 

radiation, the reaction mixture was dialyzed against methanol in order to remove the non-bound 

thiols prior to dialysis against water and subsequent lyophilization. Ellman tests of the colorless 

polymer powders were negative indicating complete separation of excess thiocholesterol. The 

colorless powders were analyzed by proton NMR and IR spectroscopy (SI-III, figure S275-

S280). The amount of covalently attached cholesteryl molecules was estimated by NMR 

spectral analysis (Figure 3.26), using the steroidal C18-methyl group (C18) at 0.66 ppm. For 

instance, in average 2.1 cholesteryl molecules are pending on the polymer PMeOx62-

PPynOx18(COOH)18-PBuOx11(Chol)2.1. It is worth to mention, that the amount of hydrophobic 

molecules is small for all functionalized A-B-C block copolymers with about 30 % conversion. 

Instead, the thiol-ene click reaction of the diblock copolymers is almost quantitative. The 
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segment of carboxylates apparently hampers the photochemical addition of the thiol, but 

nevertheless the post modification was accomplished. 

 

Figure 3.26. Exemplary proton NMR spectrum (400 MHz, CDCl3) of the polymer structure PMeOx62-

PPynOx18(COOH)18-PBuOx11(Chol)2.1. 

The functionalized block copolymers synthesized by orthogonal click chemistry are composed 

in Table 3.8. An extended polymer library with a broad range of block lengths and hydrophobic 

contents was obtained by varying the degree of polymerization and post-functionalization. For 

the sake of clarity, the polymers were summarized in subgroups with hydrophilic segments of 

30, 45, 60 and 80 monomer units. The triblock copolymers with carboxylates innately constitute 

their own category possessing hydrophobic contents of about 20 mol % and smaller, due to the 

lower conversion rates of cholesteryl grafting, as discussed above. 
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3.4.5 Cholesterol absorption 

The library of multifunctional diblock and triblock copolymers (Table 3.8) was applied in 

standardized test systems (Figure 2.11) in order to study and quantify the affinity to absorb 

cholesterol (SI-III, table S8-S9 and figure S281-S297). All copolymers absorb cholesterol with 

partially remarkable cholesterol loading values of 23.5 wt% (F3). Even the triblock copolymers 

with pendent anionic moieties dissolve and encapsulate significant amounts of cholesterol (up 

to 12.2 wt%, G1). The carboxylates presumably decrease the cholesterol absorption but do not 

tremendously intervene, compared to other diblock copolymers in a comparable dimension 

(for instance 10.2 wt % of F7). 

The cholesterol uptake is apparently affected by the polymer composition and the hydrophobic 

ratio. This is illustratively becoming clear when the amphiphilic diblock copolymers are 

categorized in subgroups with similar molecular weights of the hydrophilic PMeOx segment. 

The varying hydrophobic content of the polymers within these subgroups is plotted against the 

amount of absorbed cholesterol (Figure 3.27). The self-evident trend gives rise to the conclusion 

that the capacity for cholesterol uptake is high, when the hydrophobic content of the polymers 

is moderate.  

 

Figure 3.27. Structure-property relationship between the hydrophobic content and cholesterol absorption. The 

diblock copolymers were categorized according to the block length of the hydrophilic PMeOx segment and the 

PBuOx(Chol)/PMeOx ratio is plotted against the amount of absorbed cholesterol molecules. 
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3.4.6 Structural analysis before and after cholesterol uptake 

The behavior of the cholesteryl-modified, amphiphilic block copolymers in water was analyzed 

by complementary analytical techniques regarding the size, morphology and thermodynamic 

stability of the self-assembled polymer associates. Further investigations address the particle 

morphology after cholesterol uptake. Parts of the collected information are composed in the 

following table and all data are provided in the supplementary section (SI-III, table S10-S11 

and figure S298-S357). 

Table 3.8. Structural characterization data and absorbed cholesterol quantities of cholesteryl modified poly-2-

methyl-2-oxazoline-block-poly-2-(3-butenyl)-2-oxazolines PMeOx-PBuOx(Chol) and carboxylate and 

cholesteryl modified poly-2-methyl-2-oxazoline-block-poly-2-(4-pentylnyl)-2-oxazoline-block-poly-2-(3-

butenyl)-2-oxazolines PMeOx-PPynOx(COOH)-PBuOx(Chol).  
 

Entry Copolymers composition[a] 

Lipophilic 

content [b] 

[mol%] 

CMC [c] 

[mg/L] 

[µM] 

Particle size 
[d] 

DH [nm] 

Chol-loaded 

size[d] 

DH [nm] 

Absorbed  

Chol content  

[wt%] [e] 

F1 PMeOx28-b-PBuOx8(Chol)4 52 
7.4 

1.5 

  13 (56%) 

348 (44%) 

  46 (  7%) 

311 (93%) 
3.1 (1.7) 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - -  

F2 PMeOx43-b-PBuOx2(Chol)1.1 16 
27.6 

  6.3 

  29 (  7%) 

144 (93%) 

  30 (  3%) 

153 (97%) 
1.7 (0.8) 

F3 PMeOx46-b-PBuOx6(Chol)0.8 21 
17.7 

  2.6 

  21 (59%) 

218 (31%) 

  31 (  7%) 

204 (93%) 
23.5 (4.4) 

F4 PMeOx44-b-PBuOx6(Chol)1.2 25 
14.3 

  2.9 

  17 (  3%) 

103 (97%) 

  21 (  3%) 

106 (97%) 
7.5 (2.1) 

F5 PMeOx50-b-PBuOx11(Chol)3.8 41 
14.0 

  1.9 

  24 (  4%) 

307 (96%) 
246 (100%) 9.8 (2.2) 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - -  

F6 PMeOx67-b-PBuOx5(Chol)1.8 18 
10.0 

  1.1 
50 (100%) 104 (100%) 15.1 (0.9) 

F7 PMeOx58-b-PBuOx9(Chol)2.4 29 
18.4 

  2.6 

  31 (40%) 

131 (60%) 

  52 (35%) 

333 (65%) 
10.2 (1.7) 

F8 PMeOx58-b-PBuOx9(Chol)3.3 33 
  4.5 

  0.6 

  54 (41%) 

342 (59%) 

  27 (  4%) 

147 (96%) 
3.9 (1.5) 

F9 PMeOx64-b-PBuOx11.5(Chol)3 33 
  8.3 

  1.0 

  15 (  1%) 

  88 (99%) 
101 (100%) 3.4 (0.6) 

F10 PMeOx60-b-PBuOx11(Chol)6 43 n.d. 
  44 (  7%) 

598 (93%) 

  49 (  4%) 

265 (96%) 
6.3 (0.6) 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - -  

F11 PMeOx80-b-PBuOx16(Chol)1.5 28 
6.9 

  0.7 

  29 (78%) 

291 (22%) 

  31 (29%) 

219 (71%) 
18.1 (2.8) 

F12 PMeOx75-b-PBuOx11(Chol)4 32 
14.0 

  1.5 

  42 (  5%) 

230 (95%) 

  28 (  2%) 

165 (98%) 
2.6 (1.1) 

F13 PMeOx75-b-PBuOx10(Chol)7 39 
  4.5 

  0.4 

  49 (  2%) 

208 (98%) 
176 (100%) 0.9 (0.3) 

= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = == = = = = = = = = == = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = == = = = = = = = = == = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  

G1 
PMeOx46-PynOx11(COOH)11- 

PBuOx10.8 
16 

73.0 

  9.2 

  39 (41%) 

197 (59%) 

  28 (  4%) 

200 (96%) 
12.2 (2.6) 

G2 
PMeOx46-PPynOx11(COOH)11- 

PBuOx10.8(Chol)0.5 
18 

 94.0 

10.7 

  24 (  7%) 

161 (93%) 
187 (100%) 7.8 (1.1) 

G3 
PMeOx60-PynOx7.5(COOH)2.3- 

PBuOx11.5(Chol)0.9 
23 

 16.2 

 1.9 

  29 (  6%) 

306 (94%) 

 20 (  6%) 

209 (94%) 
2.1 (0.9) 

G4 
PMeOx62-PynOx18(COOH)18- 

PBuOx11(Chol)2.1 
17 

 78.0 

  6.0 
126 (100%) 116 (100%) 8.4 (0.6) 

 

[a] Proton NMR compositional analysis. [b] Ratio of PBuOx(Chol) over total molecular weight estimated by proton 

NMR compositional analysis. [c] CMC fluorescence measurement. [d] DLS, intensity weighted diameter. [e] UV/Vis 

measurement in triplicates applying the Liebermann-Burchard-reagent.   
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The polymer dispersions were prepared by ordinary dissolution of the solid polymers in MilliQ 

after stirring overnight with a final polymer content of 0.5 mg/mL. Dispersions of cholesterol 

loaded particles were identically prepared as performing the cholesterol absorption experiments 

(Figure 2.11, p.41). Native and cholesterol loaded polymer dispersions were filtrated (syringe 

filter, Micropur PVDF, 200 nm) for other structural analyses or used directly in order to adjust 

distinct polymer concentrations to determine critical micelle concentrations e.g. 

The intensity weighted hydrodynamic diameters as measured by DLS analyses are tabulated in 

Table 3.8, indicating the tendency of increased particle sizes after cholesterol uptake for most 

of the polymer architectures. The intensity weighted distribution of the hydrodynamic 

diameters is provided in this table as being the direct result of the measurement. As discussed 

above, larger species have a significant influence on this distribution (I ~ r-6), whereas the 

number weighted distribution points towards another proportioning. 

This becomes clearer considering the number weighted sizes (Figure 3.28). The encapsulation 

of cholesterol molecules into the particle core tends to increase the particle diameter (except 

F12 and G3) by few nanometers and even dramatically from 18 nm to 142 nm (F5). An obvious 

correlation between the size change and the amount of incorporated cholesterol could not be 

found. Considering the potential application as anti-atherogenic agent, it is of great advantage 

that most of the particle sizes are below 40 nm for penetrating the kidney-bladder-barrier and 

to embark the excretion pathway.136  

 

Figure 3.28. Number weighted size distribution of native polymer dispersion (black) and of cholesterol absorbed 

polymer dispersions (orange) by DLS analysis of F1-F13 diblock copolymers (PMeOx-PBuOx(Chol)) and G1-

G4 triblock copolymers (PMeOx-PPynOx(COOH)-PBuOx(Chol)), according to Table 3.8. 

Fluorescence measurements using the pyrene solubility for probing the micro-environments 

reveal low cmc values for the F1-F13 diblock copolymers (10-6 - 10-7 M), which decrease when 

polymers have higher hydrophobic contents (Figure 3.29, A), as described elsewhere.67  
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In general, triblock copolymers (G1 - G4) possess an order of magnitude higher cmc values, 

presumably due to the small hydrophobic content (Figure 3.29, B). Nonetheless, the cmc values 

suggest the thermodynamic stability of the polymer associates.  

 

Figure 3.29. Critical micelle concentration values of native polymer dispersion (black spheres) and hydrophobic 

content of the cholesteryl-containing polymers (bars) of F1-F13 diblock copolymers (PMeOx-PBuOx(Chol) and 

G1-G4 triblock copolymers (PMeOx-PPynOx(COOH)-PBuOx(Chol)), according to Table 3.8. 

 

The following in-depth analysis was executed for specific polymer architectures with the 

highest affinity for cholesterol uptake including diblock copolymers PMeOx46-

PBuOx6(Chol)0.8 (F3), PMeOx80-PBuOx16(Chol)1.5 (F8) and the triblock copolymers PMeOx62-

PPynOx18 (COOH)18-PBuOx11(Chol)2.1 (G4) with respect to the structural behavior in water 

and the morphological changes after cholesterol consumption. 

I. PMeOx46-PBuOx6(Chol)0.8 (F3) 

First, the diblock copolymer PMeOx46-PBuOx6(Chol)0.8 (Table 3.8, F3) was investigated. The 

polymer architecture is characterized by a water soluble PMeOx block with the molecular 

weight of 4 • 103 g/mol and a hydrophobic content of 21 mol %. Cholesterol uptake studies 

have identified the average amount of consumed cholesterol molecules of 23.5 wt%. Before 

cholesterol adsorption, the cmc was determined by fluorescence spectroscopy measuring the 

pyrene solubility to probe the micropolarity. The significant change in the curve (I338/I333 values 

against polymer concentration) at the concentration of 17.7 mg/L represents the critical micelle 

concentration (Figure 3.30, A) and thus the self-organization of single polymer chains into 

thermodynamically stable associates.67, 205 AUC analysis provides the sedimentation profiles of 

the native polymer dispersion (Figure 3.30, B, dashed line) revealing a major peak at 0.1 S 

besides a minor peak and 0.7 S.  
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Figure 3.30. Structural analytical data of polymer dispersion before and after cholesterol uptake of PMeOx46-

PBuOx6(Chol)0.8 (F3). A) CMC measurement using pyrene solubility to probe micro-environment of varying 

polarities (I338/I333). B) AUC sedimentation profile of pure and cholesterol loaded polymer dispersion. 

Synchrotron-derived SAXS analysis of native polymer dispersion (C) and of cholesterol loaded polymer 

dispersion (D). TEM image of the dried pure polymer dispersion (E) and of cholesterol loaded polymer dispersion 

(F). 
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These two peaks exist as well in the profile of the polymer dispersion after cholesterol 

encapsulation (Figure 3.30, B, solid line) but they are slightly shifted to 0.2 and 1.7 S. 

In addition, a broad signal around 6 S occurs. Those data suggest the sedimentation of a major 

population of particle species, but also a minor one, which both are slightly extended after the 

cholesterol adsorption experiments that might indicate cholesterol encapsulation. However, the 

presence of the broad sedimentation coefficient distribution around 6 S strongly indicates the 

formation of a new species after cholesterol uptake. TEM analysis of the native polymer 

dispersion illustrates spherical particles with diameters between 20 and 35 nm (Figure 3.30, E), 

besides some dimers and trimers of particle clusters. After cholesterol uptake (Figure 3.30, F), 

the TEM image illustrates two different species of spherical objects with measured sizes 

between 10 to 15 nm and resp. 30 to 60 nm. Synchrotron-based SAXS analysis of the pure 

polymer dispersion (Figure 3.30, C) exhibits two structural levels, one with radius of gyration 

of 6.6 nm and a Power-law slope q = - 4.1 and another one with rG = 4.8 nm and q = - 1.9 

suggesting polymer micelles that are 13 nm in diameter and composed of clustered polymer 

networks.130 After cholesterol absorption, SAXS analysis of the conjugates (Figure 3.30, D) 

reveals two species of > 60 nm (above the detection limit) with a Power-law slope of q = - 2.7 

and another species with the size (2rG) of 13 nm and q = - 2.8. Those q-values suggest the 

presence of particles composed of clustered polymer networks. In addition, it is worth to 

mention, that the peak at 0.36 Å (Figure 3.30, D) indicates crystallinity, which was observed in 

several measurements of cholesterol loaded particles pointing towards crystalline domains 

potentially within the particles. 

 

To summarize, complementary structural analysis of PMeOx46-PBuOx6(Chol)0.8 suggests the 

self-organization of dissolved polymer powder into spherical micelles in water with nanosized 

diameters in the range between 10 and 30 nm. This polymer structure was found to consume 

remarkable amounts of hydrophobic cholesterol molecules up to 23.5 wt %, which is 

encapsulated in polymer nanoparticles with bimodal size distribution. Most likely, the final 

dispersion after cholesterol uptake is a mixture of bigger cholesterol absorbed spheres (30-60 

nm) and of small spherical particles without or less absorbed amounts of cholesterol molecules. 
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II. PMeOx80-PBuOx16(Chol)1.5 (F11) 

Second, the aqueous dispersion of diblock copolymers PMeOx80-PBuOx16(Chol)1.5 (Table 3.8, 

F11) was investigated. The polymer possesses a watersoluble PMeOx block with the molecular 

weight of 6.8 • 103 g/mol and a hydrophobic segment with the molecular weight content of 

28 %. The capacity for cholesterol uptake was identified to amount 18.1 wt %. The cmc of the 

pure polymer dispersion was determined to 6.9 mg/L by fluorescence spectroscopy (Figure 

3.31, A) suggesting the self-assembly into thermodynamically stable polymer particles. AUC 

analyses reveal the bimodal sedimentation coefficient distribution of the polymer dispersions 

before and after cholesterol uptake (Figure 3.31, B) suggesting the presence of two major 

particle species. The broad distribution indicates a high polydispersity of both species. DLS 

investigation of PMeOx80-PBuOx16(Chol)1.5 dispersions before (Figure 3.31, C, black line) and 

after cholesterol uptake (Figure 3.31, C, orange line) revealed two particle species regarding 

the intensity weighted distribution and one major population using number weighted 

distribution. As discussed above, the intensity-based RH
-6 dependence suggests the presence of 

a second particle species above 200 nm, however, syringe filtration through 200 nm filter is 

supposed to exclude such big sizes. Nevertheless, the smaller particle species are the 

predominant species with hydrodynamic diameters beyond 25 nm before and after cholesterol 

uptake. TEM investigation (Figure 3.31, E) of a dried drop of the pure dispersion depicts the 

homogenous population of spherical particles over the whole TEM grid. The major size 

distribution is between 20 and 30 nm. After cholesterol uptake, TEM analysis (Figure 3.31, F) 

exhibits the presence of spherical, porous particles with a broad size distribution from 25 to 90 

nm but with major sizes about 50 nm (SI-III, figure S332).  

SAXS analysis of cholesterol loaded polymer dispersion (Figure 3.31, D) indicates two 

structural levels composed of 43 nanometer-sized polymer micelles (q = - 4.0) and the polymer 

networks (q = - 2.0) of 13 nm in diameter. The found lower structural level might be attributed 

to the small entities of single polymer chains within the inner micellar part, as seen by TEM 

analysis, or to the co-presence of an individual particle species. Unfortunately, fitting the SAXS 

data of the pure polymer dispersion before cholesterol uptake was not possible.  

The combination of those data gives rise to the conclusion that single polymer chains of 

PMeOx80-PBuOx16(Chol)1.5 form thermodynamically stable polymer particles within the 

diameter range of 20 to 30 nm. After cholesterol uptake of 18.1 wt %, polydisperse porous 

micelles are formed with a major size of 45 nm. 
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Figure 3.31. Structural analytical data of polymer dispersion before and after cholesterol uptake of PMeOx80-b-

PBuOx16(Chol)1.5 (F11). A) CMC measurement using pyrene solubility to probe micro-environment of varying 

polarities (I338/I333). B) AUC sedimentation profile of pure and cholesterol loaded polymer dispersion. C) Influence 

of the particle proportioning via intensity and number weighted size distribution. D) Synchrotron-derived SAXS 

analysis of native polymer dispersion and of cholesterol loaded polymer dispersion. E) TEM image of the dried 

pure polymer dispersion. F) TEM image of the dried cholesterol loaded polymer dispersion. 
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III. PMeOx62-PPynOx18(COOH)18-PBuOx11(Chol)2.1 (G4) 

As representative for carboxylate functionalized triblock copolymers, the aqueous dispersion 

of PMeOx62-PPynOx18(COOH)18-PBuOx11(Chol)2.1 (Table 3.8, G4) was investigated. This 

polymer possesses two separated segments, one carboxylate block with molecular weight 

content of 41 mol % and one hydrophobic block with 28 mol % of the total molecular weight, 

besides the hydrophilic PMeOx block. The inherent capacity for cholesterol uptake was 

quantified to 8.4 wt % corresponding to 3 cholesterol molecules per polymer chain. The cmc 

was determined to 78 mg/L, which is significantly higher compared with cmc values of the 

diblock copolymers. Most likely, the general trend that the triblock copolymers have higher 

micelle concentrations arises from the additional carboxylate segment, which mediates water 

solubility as well. In addition, the triblock copolymers have slightly negative zeta potentials of 

about minus 15 mV suggesting negatively charged particle surfaces due to pendent carboxylate 

moieties that are presumably deprotonated under physiological conditions (pKa-values of 4-5). 

Consequently, the self-assembled polymer nanoparticles are sterically and electrostatically 

stabilized. TEM images of the dried polymer dispersion (Figure 3.32, D) depicts spherical 

objects with two different but distinct diameters of 15 and resp. 60 nm. DLS measurement 

indicates polymeric associates with number weighted, hydrodynamic diameters of 60 nm, 

(Figure 3.32, C, black solid line), which is compatible with absolute methods such as TEM, in 

contrast to generally higher intensity weighted diameters of 127 nm (black dashed line).  

After cholesterol uptake, TEM analysis of the dried dispersion indicates a major species 

between 20-30 nm (Figure 3.32, F), but also larger spherical or anisotropic objects around 

100 nm, which partially have porosity (Figure 3.32, E). SAXS analysis of the cholesterol loaded 

particle dispersion (Figure 3.32, B) suggests the presence of 26 nanometer-sized objects of 

clustered polymer networks (q = 2.9) and a second structural level of 10 nm, which might be 

attributed to single macromolecular domains (q = 2.1) of the 26 nm polymer associates. 

However, the applied SAXS method contains a size detection limit of over 60 nm and thus the 

100 nm species as seen by TEM analysis could not be detected here. The presence of the smaller 

particle species is apparently not intense enough for DLS detection73 (Figure 3.32, C, solid 

orange line), instead, nanoparticles with 64 nm in size are suggested (number weighted). Here 

again, the measured intensity weighted sizes of 116 nm are significantly too high. Nevertheless, 

TEM and SAXS analyses represent more reliable techniques suggesting two major particles 

species, which increase the individual sizes after cholesterol uptake from 15 to 20-30 nm and 

resp. from 60 to about 100 nm. 
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Figure 3.32. Structural analytical data of polymer dispersion before and after cholesterol uptake of PMeOx62-

PPynOx18(COOH)18-PBuOx11(Chol)2.1 (G2). A) CMC measurement using pyrene solubility to probe micro-

environment of varying polarities (I338/I333). B) Synchrotron-derived SAXS analysis of native polymer dispersion 

and of cholesterol loaded polymer dispersion. C) Intensity and number weighted size distribution of the polymer 

dispersions before and after cholesterol uptake. D) TEM image of the dried pure polymer dispersion. E-F) TEM 

image of the dried cholesterol loaded polymer dispersion. 
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3.4.7 Conclusion 

In this section, an extended library of well-defined block copolymers with watersoluble PMeOx 

segment and cholesteryl grafted PBuOx segment has been synthesized. Those novel block 

copolymers were screened for their optimized polymer composition for cholesterol uptake, 

which has been identified to be PMeOx46-PBuOx6(Chol)0.8 with the inherent capacity to 

solubilize and absorb 23.5 wt % of hydrophobic cholesterol molecules. Triblock copolymers 

with a carboxylate segment such as PMeOx62-PPynOx18(COOH)18-PBuOx11(Chol)2.1 absorb 

less but still significant amounts of cholesterol (8.4 wt %) and additionally offer the possibility 

to address the binding of cations by electrostatic interactions. The structural characterization of 

PMeOx46-PBuOx6(Chol)0.8 suggests the self-organization of single polymer chains into 

polydisperse micelles between 10 and 30 nm. After cholesterol uptake, two spherical species 

of polymer particles with sizes of 15 nm and resp. between 30 and 60 nm were found. The 

triblock copolymer PMeOx62-PPynOx18(COOH)18-PBuOx11(Chol)2.1 also self-assembles into 

spherical particles with negatively-charged surfaces, which increase their individual sizes after 

cholesterol uptake from 15 to 20-30 nm and resp. from 60 to about 100 nm. 

In addition, the biodistribution experiment of the amphiphilic diblock copolymer in mice is 

described in section 5.3 (p. 200) and the affinity to bind calcium ions in section 4.1.2 (p. 166). 
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3.5 ABA block copolymers 

In the course of drug delivery, the AB diblock type of PMeOx32-PNonOx9 was found to 

encapsulate 7 wt % of the anti-cancer compound paclitaxel.79 In contrast, the drug loading 

capacity was significantly increased to 23 wt % by using double amphiphilic polymers of the 

ABA type (PMeOx35-PNonOx14-PMeOx35).
206 With this motivation, various ABA triblock 

copolymers have been synthesized (Table 3.9 and SI-III, figure S358-S370) with a narrow 

molecular weight distribution, which are structurally oriented on the most cholesterol absorbing 

AB diblock copolymers described above (Table 3.3 and Table 3.8). Therefore, the hydrophobic 

middle block B consists of linear C9 (K1-K2) and double unsaturated C17 (K3) side chains or 

of cholesteryl grafted butenyl side chains (K4-K6), respectively. Referring to this 

nomenclature, one BAB triblock copolymer was synthesized as well possessing a hydrophilic 

poly-2-methyl-2-oxazoline middle block combined with two terminal hydrophobic, cholesteryl 

grafted PBuOx segments (K7). 

Table 3.9. Structural characterization data and absorbed cholesterol quantities of ABA type triblock copolymers. 
 

Entry Diblock copolymers [a] 

Hydrophobic 

content [b] 

[mol%] 

CMC [c] 

[mg/L] 

[µM] 

Particle 

size [d] 

DH [nm] 

Chol-loaded 

Particle size [d] 

DH [nm] 

Absorbed  

Chol content  

[wt%] [e] 

K1 PMeOx51-PNonOx7-PMeOx51 14 
28.5 

2.8 

  11 (44%) 

287 (56%) 

  45 (10%) 

219 (90%) 
1.6 (0.1) 

K2 PMeOx60-PNonOx17-PMeOx60 25 
12.4 

0.9 

  24 (35%) 

998 (65%) 

  35 (10%) 

186 (90%) 
8.8 (1.1) 

K3 PMeOx52-PLinOx18-PMeOx52 22 
12.0 

1.1 

  33 (10%) 

187 (90%) 

  38 (  2%) 

207 (98%) 
13.3 (0.5) 

K4 PMeOx58-PBuOx15(Chol)1-PMeOx58 19 
32.0 

2.5 

  21 (  7%) 

188 (93%) 

  22 (  6%) 

201 (94%) 
0.9 (0.9) 

K5 PMeOx58-PBuOx15(Chol)2-PMeOx58 21 
27.0 

2.0 

  24 (  6%) 

202 (94%) 

  32 (  5%) 

192 (95%) 
0.7 (0.2) 

K6 PMeOx58-PBuOx15(Chol)5-PMeOx58 28 
14.0 

1.0 

  26 (  6%) 

200 (94%) 

  24 (  7%) 

199 (93%) 
1.0 (0.3) 

K7 PBuOx7.2-PMeOx87-PBuOx7.2(Chol)1 23 
24.2 

2.5 

  29 (31%) 

200 (69%) 

 14 (  3%) 

105 (97%) 
6.5 (2.1) 

[a] Proton NMR compositional analysis. [b] Ratio of alkyl over methyl estimated by proton NMR compositional 

analysis. [c] CMC fluorescence measurement. [d] DLS, intensity weighted diameter. [e] UV/Vis measurement in 

triplicates applying the Liebermann-Burchard-reagent.  

Structural characterization (Table 3.9 and SI-III, figure S371-S391) revealed nano-objects in 

the size range of about 10 and 30 nm. For the sake of readability, the smaller particle species is 

solely considered, since the impact of larger species onto scattering intensity misleads the real 

co-existence, as discussed elsewhere. The hydrodynamic diameters increase with growing 

hydrophobic-hydrophilic ratio of the triblock copolymers. Furthermore, fluorescence 

spectroscopy of the pyrene solubility in varying polymer concentrations indicates micromolar 

cmc values, which decrease with increasing hydrophobic content, as expected.67 The particle 
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sizes generally increase after cholesterol uptake but are beyond 45 nm, except of the BAB type 

K7 reducing its size by half. 

The affinity for cholesterol absorption (SI-III, table S12 and figure S392-S398) was assessed in 

standardized test systems (Figure 2.11) revealing that PMeOx52-PLinOx18-PMeOx52 absorbs 

most cholesterol (13.3 wt %) (Table 3.9). The cholesterol uptake within this small polymer 

selection is obviously affected by the content and the nature of the hydrophobic entity. First, 

the increasing hydrophobic content of the polymers leads to higher cholesterol absorption. 

Second, ABA copolymers with cholesteryl grafted middle segments have no significant affinity 

for cholesterol uptake. This is unexpected, as the AB diblock copolymers (Table 3.3) were 

found to absorb considerable high amounts of cholesterol, for instance 24 wt % cholesterol by 

PMeOx46-PBuOx6(Chol)0.8. On the other hand, the addition of a second water-soluble block to 

obtain double hydrophilic ABA polymers does not significantly improve the cholesterol uptake, 

for instance PMeOx60-PNonOx17-PMeOx60 absorbs 8.8 wt % cholesterol, whereas PMeOx34-

PNonOx4 absorbs 9.2 wt % (similar hydrophobic content) and PMeOx28-PNonOx10 absorbs 

16.0 wt % (similar steric demand of hydrophilic domain). Interestingly, the BAB type with two 

terminal hydrophobic segments clearly has the stronger affinity to encapsulated cholesterol (6.5 

wt %) than the corresponding ABA block copolymers. 
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3.6 Polyoxazoline-based double hydrophilic block copolymers 

To address the interaction with calcium ions specifically, polyoxazoline-based block 

copolymers with pendent moieties of carboxylic acid have been synthesized and analyzed with 

respect to mineral interaction in chapter 4. Since the combination of both functions in one 

polymer was found to reduce the cholesterol uptake, the separation of the carboxylates and 

cholesterol segments combined in one multifunctional polymer onto two single polymer chains 

increases the possibilities many times over such as the synergistic increase of cholesterol and 

calcium adsorption. Hence, the polyoxazoline-based DHBCs described in this section, can be 

combined with amphiphilic block copolymers which absorb huge amounts of cholesterol 

molecules. 

3.6.1 Synthesis of double hydrophilic block copolymers 

To ensure both hydrophilic character and interaction with ionic substances, double-hydrophilic 

block copolymers are promising candidates that carry functionalities to bind calcium ions. Since 

carboxylate and phosphate groups strongly interact with calcium ions, they were applied as 

calcium binding functionalities. Further specific details on the synthesis are described in the 

bachelor thesis of Carina Jung.207 

Different approaches to incorporate the carboxylate functionalities onto the polymer were 

investigated (Figure 3.33). Therefore, block copolymers of PMeOx and olefin-containing 

PBuOx segments have been polymerized prior to post polymerization modification with 

mercapto-carboxylates via thiol-ene click chemistry (Path A). The second approach includes 

the carboxylate-functionalization of the oxazoline monomer (Ester-BuOx) and thus the direct 

incorporation of carboxylates via polymerization. Hence, the latter content of pendent 

carboxylic acid groups can precisely controlled by stoichiometry (Path B). 

 

Figure 3.33. Synthetic pathways to prepare double hydrophilic block copolymers with water soluble PMeOx block 

and a carboxylate bearing segment. Path A) Carboxylate attachment by post polymerization functionalization 

using thiol-ene click chemistry. Path B) Carboxylate incorporation by block copolymerization of MeOx and ester-

functionalized oxazoline monomer (Ester-BuOx). 
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A variety of polyoxazoline-based double hydrophilic block copolymers with different block 

lengths and degrees of carboxylate functionalization was synthesized (Table 3.10) (SI-III, 

figure S399-S431). The nomenclature represents the synthetic history of post-functionalized 

polymer backbones (PBuOx(COOH), Path A) and ester-functionalized monomer 

polymerization (P(COOH)BuOx, Path B), respectively. The detailed syntheses are described 

in the following sections below. 

Table 3.10. Characterization data of synthesized double hydrophilic block copolymers with poly-2-methyl-2-

oxazoline (PMeOx) and carboxylate-functionalized poly-2-(3-butenyl)-2-oxazolines (PBuOx(COOH) (Path A) 

and P(COOH)BuOx (Path B), respectively) segments.  
 

Entry Polymer composition [a] 
Method / 

Pathway 

Olefin-functionalization 

[%] 

Carboxylate content  

[mol%] 

J1 PMeOx33-P(COOH)9BuOx9 B 100 41 

J2 PMeOx34-P(COOH)32BuOx32 B 100 72 

J3 PMeOx35-PBuOx50(COOH)50 A 100 78 

J4 PMeOx35-P(COOH)18BuOx20 B 88 66 

J5 PMeOx38-P(COOH)15.5BuOx16 B 97 51 

J6 PMeOx38-P(COOH)11BuOx12 B 92 43 

J7 PMeOx46-PBuOx12(COOH)7 A 58 35 

J8 PMeOx57-PBuOx8(COOH)3.5 A 44 22 

J9 PMeOx63-P(COOH)12BuOx13 B 92 33 

J10 PMeOx63-P(COOH)50BuOx50 B 100 67 

J11 PMeOx100-b-P(COOH)12BuOx12 B 100 28 

[a] Determined by proton NMR endgroup analysis. 

Parts of the double hydrophilic block copolymers were applied in calcium binding experiments 

in Chapter 4. 

 

Path A – Carboxylate functionalization via post polymerization modification 

The diblock copolymers poly-2-methyl-2-oxazoline-block-poly-2-(3-butenyl)-2-oxazolines 

(PMeOx-PBuOx) were prepared via microwave-assisted synthesis (30 min each block, 140°C, 

N2). A systematic library of polyoxazolines with varying degree of polymerization was 

synthesized in a glovebox, using methyl trifluoromethanesulfonate (MeOTf) to initiate the 

cationic ring-opening polymerization of varying amounts of MeOx prior to the subsequent 

addition of the second BuOx monomer. After termination with H2O, the copolymers were 
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purified by exhaustive dialysis against methanol first, and water second (MWCO = 1000 g/mol) 

and finally were obtained as colorless solids after lyophilization.  

Different molar ratios were adjusted to yield polymers of varying block lengths (Table 3.11). 

Characterization via 1H NMR, ATR-IR, MALDI-TOF and GPC (SI-III, figure S402-S431) was 

performed in order to identify the synthesized polymers with respect to block lengths and 

molecular weight. 

Table 3.11. Overview of microwave-assisted synthesized PMeOx-PBuOx copolymers. 
 

Entry 
Polymer composition 

[a] 

Molar ratio 

[MeOTf] : [MeOx] : [BuOx] 

Mn NMR [a] 

[103 g/mol] 

Mn GPC [b] 

[103 g/mol] 

PDi [b] 

GPC 

1 PMeOx33-PBuOx53 1 : 40 : 80 9.5 12.7 [DMP] 1.19 b) 

2 PMeOx46-PBuOx67 1 : 40 : 80 12.3  7.0 [THF] 1.08 c) 

3 PMeOx47-PBuOx53 1 : 40 : 60 10.7  5.6 [THF] 1.08 c) 

4 PMeOx48-PBuOx13 1 : 40 : 10 5.7  7.7 [DMP] 1.17 b) 

5 PMeOx49-PBuOx30 1 : 40 : 40 8.0 12.1 [DMP]) 1.18 b) 

6 PMeOx83-PBuOx13 1 : 80 : 10 8.7 13.2 [DMP] 1.24 b) 

[a] Determined by proton NMR endgroup analysis. b) GPC analysis in N-methyl pyrrolidone (NMP) and 

tetrahydrofuran (THF). 

The polymer compositions were determined by NMR endgroup analyses revealing the 

correlation between stoichiometric batch loading and monomer incorporation. The molecular 

weight distributions are very narrow, according to GPC analysis. The usage of THF as solvent 

leads to significantly smaller Mn values than those obtained by NMR analysis. This is on the 

one hand due to the poor THF solubility of the PMeOx block and results from the GPC 

calibration against polystyrene standard on the other hand. The solvent NMP is commonly used 

for GPC analysis of polyoxazolines, however, the determined Mn values are significantly larger 

than determined by NMR. Maldi-TOF measurement (Figure 3.34) indicates several and very 

broad distributions of the molecular weight (definitely > 1.09, Table 3.11) with peak maxima 

that a clearly smaller than 12 or 8 kg/mol (GPC and NMR analysis). This points towards the 

presence of molecular weight fractals instead of complete polymer chains originating from laser 

irradiation that destroys the polymers. Nevertheless, the molecular weights of the incorporated 

monomers (MeOx = 85 and BuOx = 25 g/mol) have been proven. 
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Figure 3.34. MALDI-TOF spectrum of PMeOx49-PBuOx30. 

Post polymerization modification of the previously synthesized PMeOx-PBuOx copolymers 

(Table 3.11) was performed via thiol-ene photochemistry using methyl thioglycolate and 

3-mercaptopropionic acid as carboxylate source, according to Gress et al.167 Methanol was used 

as solvent, DMPA was added as a photo initiator and the reaction mixture was stirred at room 

temperature under UV light (λ = 250 and 366 nm) for several days.  

Table 3.12. Carboxylate functionalization of the block copolymers using thiol-ene photochemistry.  
 

Entry Polymer composition 
Mn NMR 

[kg/mol] 

Mn GPC 

[kg/mol] 
PDI 

Olefin- 

Functionalization [%] 

1 PMeOx35-PBuOx50(Ester)50 14.6 - - 100 

2 PMeOx46-PBuOx12(Ester)7 6.2 - - 58 

3 PMeOx49-PBuOx31(Ester)25 10.9 6.4 1.07 81 

4 PMeOx57-BuOx8(COOH)3.5 6.2   44 

The turn-over of thiol addition was only moderate applying lower energy UV-source 

(λ = 366 nm) for PMeOx46-PBuOx12(Ester)7 and PMeOx57-BuOx8(COOH)3.5 (58 and 44 % 

olefin functionalization). The insufficient conversion was remarkably improved by using a 

more powerful UV lamp (λ = 250 nm) (Table 3.12, entry 1 + 3). 

Finally, the methyl esters were deprotected with sodium hydroxide solution, purified by dialysis 

(MWCO = 1000 g/mol) against water and the polymers were obtained as colorless powders 

after lyophilization. The quantitative methanol cleavage was confirmed by proton NMR 

analysis (Figure 3.35) due to the absence of the methoxy protons (10). 
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Figure 3.35. Representative proton NMR analysis (400 MHz) of PMeOx35-PBuOx50(Ester)50 (top) and PMeOx35-

PBuOx50(COOH)50 (bottom) in CDCl3 and D2O, respectively. 

All obtained polymer structures are summarized above (Table 3.10). 

 

Path B – Carboxylate functionalization via ester-monomer polymerization 

In order to attach ester functionalities onto the oxazoline monomer, 2-(3-butenyl)-2-oxazoline 

(BuOx) was used as a starting material in a thiol-ene click reaction with methyl thioglycolate. 

The reaction conditions were similar to the post functionalization reaction, using MeOH as a 

solvent and the photoinitiator DMPA under UV light. For the monomer synthesis, a wavelength 

of 366 nm was sufficient to reach a functionalization degree of the olefin over 95%. The liquid 

product was analyzed by proton NMR spectroscopy, gas chromatographic and electron spray 

ionization mass spectrometry (ESI MS) (Figure 3.36 and Figure 3.37) suggesting the presence 

of the ester-functionalized oxazoline monomer Ester-BuOx. Interestingly, complementary 

analytical techniques also point towards the presence of the double ester functionalized 

monomer. This is possible since the thiol addition proceeds with a radical mechanism and is by 

far no disadvantage. In contrast, double functionalization possibly leads to a higher calcium-

binding capacity per monomer unit in the final polymer.  
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Figure 3.36. Proton NMR analysis (400 MHz, CDCl3) of ester-modified butenyl oxazoline Ester-BuOx. Copied 

from the Bachelor thesis of Carina Jung. 

 

Figure 3.37. Gas chromatographic (A) and ESI-MS (B) analysis of synthesized Ester-BuOx. 

The monomer mixture of synthesized Ester-BuOx monomer was applied in the microwave-

assisted block copolymerization with MeOx in varying stoichiometric ratios (Table 3.13). Since 

non-reacted BuOx is about 5 mol % of the monomer mixture, the resulting polymers possess 

incorporated free olefin moieties, too. Considering the polymer composition, the amount of 

incorporated monomer units is well controllable by the stoichiometric composition of the batch 

loading for the lower molecular weight polymers (Table 3.13, entry 1-3) and significantly 
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different in the case of polymer with higher degree of polymerization (Table 3.13, entry 4-8). 

Nevertheless, some structural diverse block copolymers with an Ester-segment were obtained.  

Table 3.13. PMeOx-P(Ester)BuOx copolymers synthesized by copolymerization of Ester-BuOx monomer. 
 

Entry Polymer composition [a] 
Stoichiometric ratio 

[MeOTf]:[MeOx]:[Ester-BuOx] 

PDi 

(GPC) 
Mn (NMR) 

[kg/mol] 

1 PMeOx23-P(Ester)19BuOx19 1 : 30 : 20 1.12 6.7 

2 PMeOx33-P(Ester)9BuOx9 1 : 30 : 10 1.06 5.1 

3 PMeOx34-P(Ester)35BuOx35 1 : 30 : 30 1.19 11.6 

4 PMeOx35-P(Ester)18BuOx20 1 : 30 : 60  7.4 

5 PMeOx38-P(Ester)11BuOx12 1 : 30 : 30  5.9 

6 PMeOx63-P(Ester)12BuOx13 1 : 60 : 30  8.3 

7 PMeOx100-P(Ester)15BuOx15 1 : 60 : 10 1.07 12.3 

8 PMeOx113-P(Ester)50BuOx50 1 : 60 : 20 1.14 22.1 

(a) Estimated by proton NMR endgroup analysis. 

The Ester-containing block copolymers were moderately deprotected with 0.5 molar NaOH 

solution, monitored via NMR (Figure 3.38) suggesting quantitative methanol cleavage due to 

the absence of the methylester signal (9).  

 

Figure 3.38. 1H-NMR spectral analysis (400 MHz) of PMeOx-P(Ester)BuOx (top) and PMeOx-P(COOH)BuOx 

(bottom). 

All obtained double hydrophilic block copolymers via the polymerization route of Ester-

functionalized monomer are summarized above (Table 3.10). 
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3.7 Conclusive summary of Chapter 3 

This chapter describes the development of multifunctional block copolymers based on 

polyoxazolines as macromolecular solubilizers for hydrophobic cholesterol and mineral 

hydroxyapatite. Different architectures have been synthesized with respect to the polymer type, 

the amount of incorporated segments, and varying chemical natures and block lengths of the 

segments. The focus is on the aim to maximize the cholesterol uptake and to minimize the 

particle sizes of the self-assembled polymer associates, since the kidney filter is permeable for 

nanoparticles beyond 43 nm for renal excretion.  

Extensive libraries of amphiphilic diblock copolymers with different aliphatic side chains were 

synthesized including saturated nonyl and heptadecyl but also double-unsaturated heptadecyl 

moieties. The segment of saturated C17 chains was found to form semicrystalline domains in 

the particle cores, which limits the cholesterol uptake. Instead, the polyoxazolines with C9 or 

double-unsaturated C17 segments turned out to have higher capacities for cholesterol 

encapsulation. The most promising polymer structure has the composition PMeOx28-PNonOx10 

forming polymer micelles with a diameter of 40 nm after cholesterol absorption (16 wt %).  

Large libraries of amphiphilic diblock and multifunctional triblock copolymers with pendent 

cholesteryl and resp. carboxylate domains were synthesized and the structure-property 

relationships were investigated. Hence, polymers with low degree of cholesteryl 

functionalization were found to have high capacities for cholesterol uptake. The polymer 

architecture PMeOx46-PBuOx6(Chol)0.8 absorbs the highest amount of cholesterol (23.5 wt %) 

and forms spherical but polydisperse particles in the size range of 30 – 60 nm. Considering the 

triblock copolymers, the additional incorporation of an anionic domain does not necessarily 

decrease the cholesterol uptake. For instance, PMeOx62-PPynOx18(COOH)18-PBuOx11(Chol)2.1 

absorbs 8.4 wt % cholesterol whereas the uptake capacity of a comparable diblock structure 

PMeOx64-PBuOx11.5(Chol)3 is only 3.4 wt %. 

Moreover, different polymers based on the type of double amphiphilic triblock copolymers 

were synthesized with hydrophobic domains of C9, unsaturated C17 and cholesteryl moieties. 

The most promising polyoxazoline possesses the structure PMeOx52-PLinOx18-PMeOx52 with 

double-unsaturated C17 domain (LinOx), which absorbs 13.3 wt % cholesterol. Hence, such 

triblock structures could compete with the diblock copolymers, however, they are not generally 

superior. 
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In addition to the triblock copolymers, double hydrophilic block copolymers were synthesized 

in order to separate the hydrophobic and the polyionic segments onto two discrete polymer 

chains. This allows the combination of double hydrophilic and amphiphilic block copolymers, 

which might be beneficial for elevated capacities to solubilize targeted substances. 

 

3.8 Experimental Section Polyoxazolines 

3.8.1 Materials and Methods 

Unless stated otherwise, all manipulations were carried out under inert gas atmosphere using standard Schlenk or 

glovebox techniques. Chemicals and solvents were purchased from different suppliers and used as received, if not 

noted otherwise. Dichloromethane and diisopropylamine was distilled from CaH2, methanol was distilled from 

magnesium, diethylether was distilled from sodium, tetrahydrofuran was distilled from blue sodium/benzophenone 

ketyl and acetonitrile was distilled from CaH2 and stored under nitrogen over molecular sieve (3A) prior to use. 

MeOTf and MeOx was distilled from CaH2.  

Linoleic acid (≥°99°%), 2-chloroethylammonium chloride (99°%), methyl trifluoromethanesulfonate (MeOTf) 

(>°98°%), 1-bromo octane (99°%) ethanolamine (≥°99°%), piperidine (≥°99.5°%), n-Butyl lithium (2.5 M 

hexane), cholesterol (>°99°%), 2-methyl-2-oxazoline (> 98%), 4-pentenoic acid (97 %), thiocholesterol (96%), 

triphenylphosphine (99 %), diisopropyl azodicarboxylate (98 %), thioacetic acid (96 %), lithium aluminum 

hydride (95 %), sodium azide (99.5 %), cupper bromide (99.99 %) and 2,2-dimethoxy-2-phenylacetophenone 

(DMPA) (99 %) were purchased from Sigma-Aldrich. N-hydroxysuccinimide (98°%), diisopropylamine (99°%), 

5-hexynoic acid (96 %), allylbromide (99 %) and 1-bromo hexadecane (>°98°%) were purchased from Alfa Aesar. 

6-bromohexanoic acid (> 98 %) was purchased by TCI Belgium. 1-(3-Dimethylpropyl)-3-ethylcarbodiimide 

hydrochloride (EDAC) (99.4°%) was purchased from Iris-Biotech. Diethylether was purchased from VWR 

chemicals. Acetic anhydride (≥°99°%) were purchased from Acros Organics. Triethylamine (>°99°%) was 

purchased from Merck. Sulfuric acid (95-97°%) was purchased from Honeywell Fluka. Acetic acid (≥°96°%) was 

purchased from Carl Roth. Chloroform-d (99.8°%) was purchased from Deutero. Spectra Pore 6 (MWCO=1000 

g/mol) from Spectrum Labs was used for dialysis. The polymerization mixtures were prepared in a glovebox with 

water and O2 content < 1 ppm. Microwave-assisted polymerizations were carried out on an Anton Paar Monowave 

300 (140°C for 30 min for each block). NMR spectra were recorded on a Varian Inova 400, a Bruker Avance 400 

spectrometer. 1H and 13C chemical shifts are given in ppm and are referenced to the solvent signals. The 1H NMR 

spectra of polymer conjugates were measured with a relaxation delay of 6°s and an acquisition time of 4°s. Data 

were processed and analyzed using MestReNova software. Elemental analysis was performed on an Elementar 

Vario EL instrument up to 950 °C. Gel permeation chromatography (GPC) was performed in tetrahydrofuran 

(THF) on PL-GPC 050 (Polymer Laboratories) at 50 °C, equipped with an RI detector. SEC with simultaneous 

UV and RI detection was performed in N‐methyl‐2‐pyrrolidone (NMP) with 0.5 wt.‐% LiBr at 70 °C using a 

column set of two 300 mm ×8 mm PSS‐GRAM columns with porosities of 102 and 103 Å, respectively. Calibration 

was done with polystyrene standards. Separation was achieved using 2 x PLgel 5 µm MIXED-C column, 

300 x 7.5 mm (Agilent Technologies) at a flow rate of 1 mL/min. Data are referenced to narrow polystyrene 

standard. The particles to be analyzed were filtered through a 450 nm syringe filter prior to GPC measurements. 

Attenuated total reflection infrared spectroscopy (ATR-IR) was performed on Perkin Elmer Spectrum 

spectrometer equipped with a universal ATR sampling accessory. General production of polymer dispersion. 

In general, 0.05 wt% polymer dispersions were used for further investigation. For manufacturing a 0.05 wt% 

dispersion, 20 mg of polymer was mixed with 40 mL Milli-Q water. The suspension was stirred homogeneous. 

Depending on the polymer, polymer dispersions ranging from clear to turbid suspensions were obtained. The 

turbidity of the solution was used for a quantitative estimation of the solubility of the polymer. Analytical 

ultracentrifugation (AUC) sedimentation velocity experiments were performed on a Beckman-Coulter XL-I using 

the Rayleigh interference optics at 25 °C. 0.1 wt% native and cholesterol-loaded polymer dispersions were 
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prepared as usual and were centrifuged at 3000 rpm for 5 min to separate agglomerates. CMC Fluorescent 

measurements 5 mL samples of dispersions with varying polymer concentration (e.g. 1.00; 0.5; 0.25; 0.12; 0.06; 

0.03; 0.02; 0.01; 0.005; 0.003; 0.002 and 0.001 mg/mL) and a constant pyrene concentration of 5x10 -7 M were 

stirred for 2 h at 50°C and 15 h at 25°C in the dark. Fluorescence spectra were recorded on a FluoTime300 

Fluorescence Spectrometer of PicoQuant, measuring extinction spectra from 300-360 nm with λex = 390 nm. 

Differential scanning calorimetry (DSC) was measured on a Netzsch DSC 204 F1 with a heating and cooling rate 

of 10 K/min in a temperature range of -50 to 200°C. All data are referred to the second heating cycle. DLS. Particle 

sizes of the polymer associates were measured on dynamic light scattering apparatus equipped with Soliton 

Helium-Neon (HeNe) Laser with a wavelength of 633 nm and maximal power of 35 mW at 20°C. G2 polymers 

were carried out on a Zetasizer Nano ZSP (Malvern Instrument, Malvern, U.K.) using a He/Ne laser (λ = 633 nm) 

and a scattering angle of 173°. Elemental analyses (CHN analysis) were performed on an Elementar Vario EL 

instrument up to 950 °C. Small Angle X-ray Scattering (SAXS) experiments were carried out at the BM29 

BioSAXS Beamline at ESRF Synchrotron Grenoble (France). A Pilatus 1M detector set at 2.849 from samples 

corresponding to a q-range of 0.025 - 5 nm-1 at an incident X-ray energy of 12.5 keV. Samples were carried through 

the beam in a quartz capillary as part of automated sample changer thermostated at 25 ˚C. 20 scans of 2 seconds 

were recorded for each sample in order to limit irradiation damage. In between each sample, quartz capillary was 

automatically cleaned, a new background of MilliQ water was recorded. The 20 individual scans for each sample 

were independently plotted in Primus software (ATSAS package) and the scans presenting irradiation damage 

discarded. Remaining scans were averaged, background subtracted using water standard then normalized by beam-

stop intensity to yield scattering intensity as an absolute value. Transmission electron microscopy (TEM) was 

performed on a Zeiss Libra 120 EF-TEM instrument operating at 120 kV. Samples were prepared by application 

of a drop of aqueous particle dispersion (0.05 wt%) to a carbon-coated grid and evaporation of water. Zeta 

potential was measured on a Malvern Instruments Zetasizer Nano-ZS Zen3600. Zeta potential measurements were 

carried out with as-prepared polymer dispersions in Milli-Q water (0.1 wt%). General preparation of cholesterol-

loaded polymer aggregates. To 1-4 mg of cholesterol 5 mL of the respective 0.05 wt% polymer dispersion was 

added. After stirring overnight, the free cholesterol was removed by filtration over a glass frit with a porosity of 

16 microns, allowing the permeation of cholesterol loaded polymer aggregates. The filtrate was freeze-dried, 

yielding a white powder. The amount of entrapped cholesterol was quantified with the Liebermann-Burchard 

reagent and UV/Vis measurements (Varian Cary 50 Bio UV-Visible Spectrophotometer, 200-1100 nm). General 

preparation of Liebermann-Burchard reagent.129 20 parts of acetic acid anhydride were cooled in an ice-bath. 

1 part conc. sulfuric acid was added and the solution was stirred at 0 °C for 9 min. 10 parts acetic acid were added 

and the solution was allowed to warm to room temperature. 6 mL of the solution were added to the cholesterol 

samples and matured for 40 min prior to UV/Vis measurements.  

3.8.2 Pre-Polymerization Syntheses 

I. Synthesis of 2-oxazoline-2-monomers 

2-nonyl-2-oxazoline (NonOx).  

 

In a flame-dried flask, a mixture of THF (110 mL) and n-Butyllithium (98 mmol) was cooled to - 78°C in a nitrogen 

atmosphere. Diisopropylamide (14.5 mL, 103.17 mmol) was added dropwise. During this addition, the temperature 

was kept below - 65°C. 2-methyl-2-oxazoline (8.74 mL, 103.17 mmol) was added carefully to the freshly prepared 

solution of LDA. The temperature of the mixture was kept below - 65°C during the addition and was stirred for 1 

hour at - 78°C. 1-Bromooctane (17.95 mL, 103.17 mmol) was added dropwise and stirred at - 78°C for further 60 

min prior to stirring overnight at room temperature. Afterwards the reaction was quenched with 40 mL methanol. 

The solvent was removed under reduced pressure and the residue was dissolved in dichloromethane and water. 

The organic layer was washed three times with 100 mL water and 100 mL brine. The combined organic layers 

were dried over MgSO4 and the solvent was removed under reduced pressure. Vacuum distillation gave the purified 

product as a colorless liquid (bp1mbar: 110°C, 19.26 g, 97.6 mmol, 95 %). 1H-NMR (400 MHz, CDCl3): δ (ppm)= 
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4.21 (t, 3H, H1), 3.81 (t, 3H, H2), 2.26 (t, 2H, H3), 1.62 (q, 2H, H4), 1.26 (s, 12H, H5-10), 0.87 (t, 3H, H11). ATR-

IR: 2969 cm-1 (C-H str) (w), 1670 cm-1 (C=O str) (s). GC: retention time: 5.34 min (91 %). ESI-MS: calculated: 

197.32, measured: 197.19 + H+. Elemental Analysis. Calc. 7.10 H, 73.04 C, 11.75 N; Found 6.63 H, 69.86 C, 

11.36 H. 

2-heptadecyl-2-oxazoline (HeptadecOx).  

 

The synthetic procedure is described above (NonOx) with the following quantities: n-Butyllithium (17.19 mL, 

42.98 mmol), Diisopropylamide (6.33 mL, 45.03 mmol), 2-methyl-2-oxazoline (3.46 mL, 40.94 mmol), 1-

Hexadecylbromide (12.50 mL, 40.94 mmol). The crude product was further purified by column chromatography, 

using a basic silica gel, prepared with a methanol/ KOH solution (40 mL: 1 g) (n-hexane/ethyl acetate 9:1, 

Rf = 0.75). A white solid was obtained (5.23 g, 42 %). 1H-NMR (400 MHz, CDCl3):  (ppm) = 4.22 (t, 3JH,H= 9.46 

Hz, 2H, H1), 3.82 (t, 3JH,H= 9.24 Hz, 2H, H2), 2.27 (t, 3JH,H= 7.18 Hz, 2H, H3), 1.62 (q, 3JH,H= 7.30 Hz, 2H, H4), 

1.25 (s, 28H, H5-16), 0.88 (t, 3JH,H= 6.69 Hz, 3H, H17). GC: retention time: 8.03 min (>98.5 %). ATR-IR: 2969 cm-

1 (C-H str) (w), 1670 cm-1 (C=O str) (s). ESI-MS: calculated: 309.54, measured: 309.4 + H+. Elemental Analysis. 

Calc. 4.53 H, 77.61 C, 12.70 N; Found 4.66 H, 77.84 C, 12.08 H. 

2-(but-3-enyl)-2-oxazoline (BuOx) 

 
The synthetic procedure is described above (NonOx) with the following quantities: n-Butyllithium in hexane (39.2 

mL, 2.5 M, 98 mmol), Diisopropylamide (14.5 mL, 103.2 mmol), 2-methyl-2-oxazoline (8.74 mL, 103.2 mmol), 

allyl bromide (8.91 mL, 103.2 mmol). The crude product was further purified by distillation. A colorless liquid 

was obtained (bp1mbar: 59°C; 10.75 g, 83 %). 1H-NMR (400 MHz, CDCl3): δ = 5.59 (m, 1H, H5), 4.76 (m, 2H, H6), 

3.96 (t, 3J = 9.48 Hz, 2H, H1), 3.56 (t, 3J = 9.16 Hz, 2H, H2), 2.12 (s, 4H, H3+4). GC: retention time: 2.81 min 

(>99.5 %).  ATR-IR: 3079 (C═CH2 str) (m), 2972 (C─H str) (w), 1666 (C═O str) (s), 1640 (C═C str) (m). ESI-

MS: m/z calc: 125.08, found: 125.08 + H+. 

2-(cis,cis)-heptadeca-8,11-dien-1-yl)-2-oxazoline (LinOx).  

 

The synthesis of 2-linoleoyl-2-oxazoline (overall yield 51%) included three steps starting from succinimidyl-

activation (1) of linoleic acid followed by the formation of N-(2-chloroethyl)-linoleoyl amide (2) prior to the 

cyclization of 2-linoleoyl-2-oxazoline (3), based on a similar procedure described elsewhere.167  

(1) N-succinimidyl-linoleoylate. In a flame dried flask, N-hydroxysuccinimide (6.57 g, 57.09 mmol) and EDAC 

(8.20 g, 42.82 mmol) were dissolved in 180 mL dry DCM. Linoleic acid (10.15 g, 36.19 mmol) was added to the 

solution and the reaction was stirred at room temperature for 40 h. After evaporation of the solvent, the residue 

was dissolved in 500 mL Et2O, washed 3 times with 200 mL dist. water and dried over Na2SO4 prior to removing 

the solvent. A colorless oil was obtained (yield: 12.67 g, 33.56 mmol, 93 %). 1H NMR (400 MHz, CDCl3): 
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δ = 5.35 (m, 3.95H, H10,11,13,14), 2.83 (s, 3.95H, H1-2), 2.77 (t, 2.23H, H12), 2.60 (t, 2.02H, H3), 2.04 (q, 3.97H, 

H9,15), 1.74 (quint. 1.97H, H4), 1.64-1.23 (m, 14.57H, H5-8,16-18), 0.89 (t, 3H, H19).  

(2) N-(2-chloroethyl)-linoleoyl amide. To a solution of NaOH (2.68 g, 67.01 mmol) and 2-chloroethylammonium 

chloride (7.79 g, 67.16 mmol) in 75 mL dist. water, N-succinimidyl-linoleoylate (12.67 g, 33.56 mmol) dissolved 

in 170 mL DCM was added dropwise under vigorous stirring. After the reaction was stirred for 70 h, the organic 

layer was separated, washed three times with 200 mL dist. water and dried over Na2SO4. After removing the 

solvent, a slightly yellow solid of buttery consistency was obtained (yield: 10.00 g, 29.24 mmol, 87 %). 1H NMR 

(400 MHz, CDCl3): δ (ppm) = 5.96 (s, 1H, H1’), 5.34 (m, 4.10H, H10,11,13,14), 4.21 (t, 2H, H1), 3.81 (t, 2H, H2), 2.75 

(t, 2.01H, H12), 2.19 (t, 1.49H, H3), 2.04 (q, 4.10H, H9,15), 1.62 (m, 2.01, H4), 1.39-1.22 (m, 14.79H, H5-8,16-18), 0.87 

(t, 3H, H19).  

(3) 2-(cis,cis)-heptadeca-8,11-dien-1-yl)-2-oxazoline. N-(2-chloroethyl)-linoleoyl amide (10.00 g, 29.24 mmol) 

was dissolved in 20 mL dry methanol. 20 mL of a freshly prepared solution of KOH in dry methanol (1.77 mol/L) 

were added dropwise. After stirring the reaction at 70 °C for 19 h, the salt was removed via filtration and the 

solvent removed under reduced pressure. The crude yellowish solid was further purified via a basic silica column 

with pure n-hexane as eluent, prepared with a methanolic NaOH silica slurry. A colorless, transparent oil 

(Rf = 0.27) was obtained (yield: 5.62 g, 18.39 mmol, 62.89 %). 1H NMR (400 MHz, CDCl3): δ (ppm) = 5.34 (m, 

3.91H, H10,11,13,14), 4.20 (t, 1.89H, H1), 3.80 (t, 1.92H, H2), 2.76 (t, 1.94H, H12), 2.25 (t, 1.95H, H3), 2.03 (q, 3.95H, 

H9,15), 1.62 (m, 2.00H, H4), 1.40-1.21 (14.33H, H5-8,16-18), 0.88 (t, 2.91H, H19). Elemental analysis: calc H: 4.85 %, 

C: 78.59 %, N: 11.51 %, found H: 4.58 %, C: 78.63 %, N 11.55 %. ATR-IR. 3007 (C=C-H) (w), 2925 + 2854 cm-

1 (C-H str) (w), 1630 cm-1 (C=O str) (s), 1364 cm-1 (-CH3) (w). GC: retention time: 7.90 min, (>99.9 %).  

 

2-(4-pentynyl)-2-oxazoline 

The synthesis of 2-(4-pentynyl)-2-oxazoline (overall yield 60 %) included three steps starting from succinimidyl-

activation (1) of 4-pentynoic acid followed by the formation of N-(2-chloroethyl)-pentynoyl amide (2) prior to the 

cyclization of 2-(4-pentynoyl)-2-oxazoline (3), based on a similar procedure described elsewhere.167  

(1) N-succinimidyl-5-hexynate.  

 
In a flame dried flask, N-hydroxysuccinimide (41.06 g, 356.8 mmol) and EDAC (51.23 g, 267.5 mmol) were 

dissolved in 1100 mL dry DCM. 4-pentynoic acid (25.00 g, 223.0 mmol) was added to the solution and the reaction 

was stirred at room temperature for 41 h. After evaporation of the solvent, the residue was dissolved in 500 mL 

Et2O, washed 3 times with 200 mL dist. water and dried over Na2SO4 prior to removing the solvent. A colorless 

solid was obtained (yield: 41.67 g, 198 mmol, 89 %). 1HNMR (400 MHz, CDCl3): δ (ppm) = 2.79 (s, 4H, H1+2), 

2.73 (m, 2H, H3), 2.31 (m, 2H, H5), 2.00 (t, 3J = 2.64 Hz, 1H, H6), 1.92 (pd, 3Jp = 7.12 Hz, 3Jd = 1.16 Hz, 2H, H4). 

(2) N-(2-chloroethyl)-5-hexynamide. 

 
To a solution of NaOH (16.00 g, 399 mmol) and 2-chloroethylammonium chloride (46.31 g, 399 mmol) in 500 mL 

dist. water, N-succinimidyl-pentynoylate (41.76 g, 199.6 mmol) dissolved in 1050 mL DCM was added dropwise 

under vigorous stirring. After the reaction was stirred for 3 days, the organic layer was separated, washed three 

times with 200 mL dist. water and dried over Na2SO4. After removing the solvent, a pale-yellow solid was obtained 
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(yield: 30.05 g, 173.7 mmol, 87 %). 1H-NMR (400 MHz, CDCl3): δ = 6.21 (ppm) (br, 1H, H7), 3.57 (m, 4H, H1+2), 

2.23 (t, 3J = 7.52 Hz, 2H, H3), 2.22 (m, 2H, H5), 1.96 (m, 1H, H6), 1.82 (pd, 3Jp = 7.12 Hz, 3Jd = 2.08 Hz, 2H, H4). 

 

(3) 2-(pent-4-ynyl)-2-oxazoline. 

 
(3) N-(2-chloroethyl)-pentynoyl amide (30.00 g, 173 mmol) was dissolved in 30 mL dry methanol. 20 mL of a 

freshly prepared solution of KOH (7.00 g, 173 mmol) in dry methanol were added dropwise. After stirring the 

reaction at 70 °C for 18 h, the precipitate was removed by filtration and the solution was diluted in 500 mL of 

diethyl ether. The organic phase was washed with deionized water (4 x 400 mL). The solvent was removed in 

vacuo and the yellow residue was distilled under reduced pressure to yield a colorless liquid (bp1mbar: 50 – 54 °C; 

16.5 g, 121.1 mmol, 70 %). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 4.05 (t, 3J = 9.56 Hz, 2H, H2), 3.65 (t, 
3J = 9.40 Hz, 2H, H1), 2.23 (td, 3Jt = 7.40 Hz, 3Jd = 0.84 Hz, 2H, H3), 2.12 (m, 2H, H5), 1.83 (m, 1H, H6), 1.69 (pt, 
3Jp = 7.32 Hz, 2H, H4). ). GC: retention time: 3.49 min, (> 98 %). ATR-IR: 3301 (≡C─H str) (m), 2954 (C─H str) 

(w), 1666 (C═O str) (s), 1414 (CH2─CO) (m), 638 (≡C─H wag) (s). ESI-MS: m/z calc.: 137.08, found: 137.08 + 

H+. 

 

Methylester-2-(but-3-enyl)-2-oxazoline (Ester-BuOx) 

 
2-(3-butenyl)-2-oxazoline (1 eq., 21.7 mmol, 2.2 g) and methyl thioglycolate (1.1 eq., 23.8 mmol, 2.05 g) were 

dissolved in dry methanol (20 mL) and stirred overnight under UV radiation (λ = 356nm) and in the presence of 

traces of the photoinitiator 2,2-Dimethoxy-2-phenylacetophenone (DMPA). Methanol was removed and 50 mL 

water and 50 mL chloroform was added. After phase separation, the organic phase was dried with sodium sulfate, 

filtrated and removed to yield a colorless liquid (4.62 g, 19.96 mmol, 92 %). 

1H-NMR (400 MHz, CDCl3): δ = 5.83 (t, 0.14H, H =), 5.04 (t, 0.27H, H =), 4.23 (t, 2H, H1), 3.82 (t, 2H, H2), 3.74 

(s, 3H, H8), 3.32 (t, 2H, H7), 2.66 (t, 2H, H6), 2.30 (t, 2H, H3), 1.68 (m, 4H, H4-5). 

GC: retention time: 2.81 min (>99.5 %).  ATR-IR: 3079 (C═CH2 str) (m), 2972 (C─H str) (w), 1666 (C═O str) 

(s), 1640 (C═C str) (m). ESI-MS: m/z calc: 125.08, found: 125.08 + H+. 

 

II. Synthesis of small molecules for post-functionalization 

o Synthesis of 6-azido-hexanoic acid 

 

6-bromohexanoic acid (3.0 g, 15.4 mmol) and sodium azide (2.0 g, 30.8 mmol) were dissolved in 10 mL of dry 

DMF under nitrogen atmosphere. The reaction was executed at a temperature of 85 °C for 3 h. The composite was 

stirred at room temperature for 15 h. Furthermore, the reaction mixture was diluted and washed four times (ca. 150 

mL) with diethyl ether and dried over sodium sulfate. The solvent was removed in vacuo and a colorless viscous 

liquid was obtained without further purification. (1.93 g, 80 %). 1H NMR (400 MHz, CDCl3): δ = 10.58 (m, 0.92H, 
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COOH), 3.25 (m, 2H, H6), 2.32 (m, 2H, H2), 1.67-1.57 (m, 4H, H3+5), 1.39 (m, 2H, H4). 13C NMR (400 MHz, 

CDCl3): δ = 179.2 (C1), 51.2 (C6), 33.9 (C2), 28.5 (C5), 26.2 (C4), 24.1 (C3). ESI-MS: m/z calc: 157.09, found: 

157.09 + H+. 

o Synthesis of thiocholesterol 

Cholesterol ethanethioate 

 

Triphenylphosphine (2 eq., 80 mmol, 21.0 g) was dissolved in 200 mL THF and cooled with an ice bath. 

Diisopropyl azodicarboxylate (2 eq., 80 mmol, 16.66 g) was added and the pale yellow solution was stirred for 

further 30 min at 0°C. Cholesterol (1 eq., 40 mmol, 15.4 g) and thioacetic acid (2 eq., 80 mmol, 6.08 g) were 

dissolved in 100 mL THF and this solution was added dropwise to the first mixture over 15 min giving a greenish-

black solution. After 60 min at 0°C, the solution was allowed to warm to RT and stirred for further 3h. The solvent 

was removed via rotary evaporator and the residue crude product was purified by colomn chromatography 

(Hexane : DCM 1 : 1). The solvent of the combined fractions was removed yielding a colorless buttery solid 

(11.7 g, 26.1 mmol, 65 %). 1H NMR (400 MHz, CDCl3): δ = 5.32 (dd, 1H, H5), 4.00 (s, 1H, H4), 2.75 (dd, 1H, 

H8), 2.29 (s, 3H, H3), 0.86 (m, 6H, H2), 0.67 (m, 3H, H1). 13C NMR (400 MHz, CDCl3): δ = 196.4 (C6), 139.6 (C7), 

123.0 (C5), 12.3 (C1). 

Thiocholesterol  

 

Lithium aluminum hydride (8 eq., 247 mmol, 9.6 g) was suspended in anhydrous diethylether (250 mL) under N2 

atmosphere. Cholesterol ethanethioate was dissolved in anhydrous diethylether (100 mL) and added dropwise to 

the LAH mixture at RT. After stirring for 90 min, hydrochloride solution (155 mL, 1M) was added slowly under 

vigorous stirring over 60 min. The phases were separated and the water phase was washed with hexane. The 

combined organic layers were dried with sodium sulfate and the solvent was removed under reduced pressure. A 

colorless buttery solid was obtained (5.26 g, 13.1 mmol, 50 %). 1H NMR (400 MHz, CDCl3): δ = 5.37 (dd, 1H, 

H5), 3.41 (s, 1H, H4), 2.80 (dd, 1H, H8), 0.86 (m, 6H, H2), 0.67 (m, 3H, H1). 13C NMR (400 MHz, CDCl3): 

δ = 138.1 (C7), 124.1 (C5), 12.0 (C1). 

 

3.8.3 General polymerization procedure for polyoxazolines 

 
Microwave-assisted polymerization. All compounds were added in a glovebox. As first block, 

2-methyl-2-oxazoline (typically 25-60 eq.) and 3 mL of acetonitrile were added into a flame-dried 

microwave-reactor. After adding MeOTf initiator (1 eq., 0.12 mmol), the microwave-reaction was 
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heated up to 140 °C within 5 min and then stirred at 140 °C for 40 min. The mixture was cooled down 

to room temperature prior to the addition the second monomer (2-alkyl-2-oxazoline, 3-9 eq.) in the 

glovebox. The exact stoichiometric loading is showed in Table 3.1 and Table 3.6. The second block was 

polymerized by irradiating the reaction mixture with the same microwave conditions. The 

polymerization was terminated with dist. water, piperidin and BOC-piperazol, respectively. The 

obtained mixtures were purified by dialysis against methanol and against dist. water 

(MWCO = 1000 g/mol). After freeze-drying, the polymers were obtained as colorless powders. 

Oil bath polymerization. As first block, 2-methyl-2-oxazoline (25-60 eq.) was dissolved in 5 mL of dry 

acetonitrile in a flame-dried flask in nitrogen atmosphere. After the rapid addition of the MeOTf initiator 

(1 eq., 0.12 mmol), the reaction was stirred at 75 °C for 24 h, prior to the addition of the second 

monomer (2-alkyl-2-oxazoline, 3-9 eq.). After stirring at 75 °C for 24 h, the reaction mixture was 

terminated with an excess of piperidine. The obtained mixtures were purified by dialysis against 

methanol and against dist. water (MWCO = 1000 g/mol). After freeze-drying, the polymers were 

obtained as colorless powders. 

All synthesized block copolymers are composed in Table 3.1 and Table 3.6 and the full characterization 

data are provided in the SI part for long-chain aliphatic POx (SI-III, figure S9-S89) and for cholesteryl-

functionalized POx (SI-III, figure S234-S280). 

PMeOx62-PPynOx18-PBuOx11: 1H-NMR (400 MHz, CDCl3-d): δ = 5.81 (m, 11H, H6), 5.03 (m, 22H, H7), 3.46 

(m, 307H, H2-3), 3.05-2.94 (m, 3H, HInitiator), 2.46 (m, 39H, H8), 2.37 (m, 32H, H4-5), 2.28 (m, 38H, H10), 2.14 (m, 

185H, H1), 1.72 (m, 44H, H9). GPC (NMP) PDi = 1.5, Mp = 8300, Mn (calcutaled) = 9000. 

 

3.8.4 Post-polymerization modification by Click reaction 

Alkyne-azide click reaction. The copper (I) catalyzed alkyne azide coupling was performed as described 

by Luxenhofer et al.168  

 

PMeOx62-PPynOx18-PBuOx11 (1 eq., 0.35 g, 38.8 µmol) and 6-azido hexanoic acid (47 eq., 0.288 g, 

1.83 mmol) was dissolved in a water/tert-butanol mixture (20 mL, v/v : 1/1). After adding cupper(II) 

sulfate (0.95 eq., 6 mg, 36.6 µmol) and sodium ascorbate (0.95 eq., 73 mg, 36.6 µmol), the translucent 

solution was stirred overnight at RT. The reaction mixture was dialyzed stepwise against methanol, 

aqueous EDTA solution and water (MWCO = 1000 g/mol) for 2 days each. Freeze-drying yielded a 

colorless powder (211 mg, 28.8 µmol, 80 %). 

PMeOx62-PPynOx18(COOH)18-PBuOx11: 1H-NMR (400 MHz, MeOD-d): δ = 7.82 (m, 19H, H11), 5.87 (m, 

11H, H6), 5.12 (m, 22H, H7), 4.38 (m, 39.6H, H12), 3.56 (m, 307H, H2-3), 2.74 (m, 46.8H, H8), 2.74-2.30 (m, 74H, 

H4,5,16), 2.29 (m, 47.8H, H10), 2.18 (m, 155H, H1), 1.92 (m, 81.3H, H9,13), 1.64 (m, 42.6H, H15), 1.36 (m, 42H, H14).  
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Thiol-ene click reaction. The photochemical click reaction was performed as described by Gress et al.167  

 

PMeOx62-PPynOx18(COOH)18-PBuOx11 (1 eq., 144 mg, 15.8 µmol) and thiocholesterol (5.6 eq., 36 mg, 

88 µmol) was dissolved in a anhydrous methanol/tetrahydrofuran mixture (10 mL, v/v : 1/1). After 

adding DMPA (0.6 eq., 2.5 mg, 10 µmol), the opaque solution was stirred in N2-atmosphere for 2 days 

at RT under UV irradiation (λ = 356nm). The reaction mixture was dialyzed stepwise against methanol, 

and water (MWCO = 1000 g/mol) for 2 days each. Freeze-drying yielded a colorless powder (64 mg, 

6.9 µmol, 44 %). 

PMeOx62-PPynOx18(COOH)18-PBuOx11(Chol)2.1: 1H-NMR (400 MHz, CDCl3): δ = 7.4 (m, 5H, H11), 5.81 

(m, 8.8H, H6), 5.29 (m, 2H, H17), 5.02 (m, 17H, H7), 4.34 (m, 9H, H12), 3.45 (m, 323H, H2-3), 2.74 (m, 22H, H8), 

2.74-2.30 (m, 75H, H4,5,10,16), 2.11 (m, 227H, H1), 0.67 (m, 6H, H18). 
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CHAPTER 4 -  Mineral interactions 

The knowledge on interaction between polyanionic polymers and hardly watersoluble calcium 

phosphate minerals represents one key role in dissolving atherosclerotic plaques, since 

hydroxyapatite (HAp) has been identified as a major component of the plaques.22 A series of 

tests was performed in order to evaluate the complex interplay of macromolecules (additives) 

with HAp, including potentiometric titration experiments to generalize the binding affinity of 

calcium ions first, the HAP solubilization second, and specific investigations on the polymers 

ability to inhibit HAP nucleation. 

4.1 Calcium absorption 

4.1.1 Introduction 

Polyelectrolytes are frequently applied in several industrial processes such as paper 

production 208 and waste water treatment 209. In general, polyanionic substances offer the high 

potential to bind metal ions and thus retard or prevent scale formation, which is a major problem 

in many industrial processes, for instance, in the oil and gas production. Hereby, the presence 

of water-insoluble, mineral precipitates at the inner walls of the pipelines leads to reduced 

productivity efficiencies and high costs.210 In the field of calcium carbonate, polyelectrolytes 

have been intensively studied with respect to the scale inhibition and morphology control.138, 

211-214 The fundamental first step is characterized by the calcium adsorption on the 

polyelectrolyte by ion exchange mechanism and thus lowering the concentration of free calcium 

ions. This adsorption was quantified by potentiometric titration to 0.31 Ca2+-ions per sulfonate 

group of sodium polystyrene sulfonate (PSS, MW =1 000 000 g/mol), and to 0.16 and resp. 0.21 

calcium ions per carboxylate of poly L-aspartic acid sodium salt (PAANa, MW = 6800 and resp. 

27 000 g/mol), however, in the presence of a carbonate buffer.138 In this thesis, potentiometric 

titration was applied to determine the benchmark binding capacities for free calcium ions of 

several synthesized polymers. 

4.1.2 Results and discussion 

To generalize the affinity of the polycarboxylates for adsorbing calcium ions, the calcium 

uptake was quantified in potentiometric titration experiments. The potentiometric titration 

stands as a well-established method to understand and quantify binding processes such as 

adsorption of cations by polyanionic polymers.138 Experiments were carried out by the stepwise 

addition of CaCl2 to polymer dispersions (0.5 mg/mL) at physiological pH (7.4). Ca2+ potentials 

were monitored using an ion selective electrode and the activity of free calcium (II) ions in 

solution was calculated from those measurements. Former titration experiments suggested the 
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sensitive dependence of calcium binding capacities from the CaCl2 addition rate (Figure 2.15, 

A). Therefore, the optimized titration conditions (CaCl2 addition rate 3 µmol/min and constant 

pH of 7.4) were adopted in order to investigate the binding capabilities of other polymer 

architectures.  

First, an average Nernst equation of f(x) = 11.972 ln(x) + 102.97 was obtained by repeated 

calibration in order to determine the intersection and the slope (Figure 4.1, A). This equation 

was used to transform the calcium potentials into free calcium concentrations and thus to 

quantify the calcium ions bound by polymer by an ion exchange-mechanism. Various polymer 

architectures based on PEG-peptides and resp. polyoxazolines have been titrated under identical 

conditions (Figure 4.1, B-D). The amount of bound calcium was determined at the flattened 

plateau of the calcium profile, as described by Langmuir fit (Table 4.1).215 

 
Figure 4.1. A) Representative calibration curve to obtain Nernst’s equation at constant pH = 7.4. B-D) Titration 

profiles to quantify the calcium absorption of several polymers with carboxylate moieties via potentiometric 

titration (CaCl2 addition rate 3 µmol/min). 

The structural diversity of the investigated polymers includes different polymer types 

(amphiphilic diblock and multifunctional triblock copolymers) and a wide-range content of 

anionic carboxylate functionalities (15 - 78 mol%, Table 4.1). The latter was calculated by the 

ratio of carboxylate-monomer unit over the entire molecular weight of the polymer. The 
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polymers affinity to adsorb calcium ions (per carboxylic acid group) was quantified by using 

the titration profiles (Figure 4.1). The calcium binding ranged between 20 and 40 % 

Ca2+/COO¯, except of the two outliers mPEG-PAsp33 (I5) and PMeOx62-PPynOx18(Acid)18-

PBuOx11(Chol)2.1 (G4) that bind 15 and 68 % calcium ions per carboxylic acid group, 

respectively. Those determined binding values are in the right ballpark of polyaspartic acid, 

which shows a molecular weight dependent capability to adsorb calcium ions (0.16-0.29 per 

carboxylic acid).138 Furthermore, in the case of polymeric hydrogels with acetic acid moieties, 

higher binding affinities have been quantified (0.39-0.45 Ca2+/COO¯).137 Considering the 

different polymer families, no straightforward relationship between the polymer architecture 

and the calcium binding was found. 

Table 4.1. Potentiometric titration of carboxylate containing block copolymers (10 mg polymer / 20 mL H2O) 

with CaCl2 (addition rate 3 µmol/min) at physiological pH (7.4). Upper part: PEG-peptide based polymers and 

lower part: Polyoxazoline based polymers. 
 

Entry[a] Polymer composition 

carboxylate 

content 

[mol%] 

calcium ions/ 

carboxylate 

[%] 

calcium ions/ 

polymer 

[%] 

I1 mPEG-PGlu11 22 25.1 ± 4.1  1.7 

I4 mPEG-PAsp23 34 32.8 ± 0.8 4.0 

I5 mPEG-PAsp33 43 68.3 ± 2.3 10.3 

A2 mPEG-PGlu12-PLys11(Chol)1.5 18 22.7 ± 4.9 1.3 

A3 mPEG-PGlu12-PLys11(Chol)4.0 16 25.4 ± 4.7 1.3 

B5 mPEG-PAsp21-PLys11(Chol)2.3 26 35.5 ± 1.2 3.2 

E4 mPEG-PGlu11-PIle28 15 37.8 ± 0.8 1.7 

= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  

J5 PMeOx38-PBuOx16(Acid)16 51 26.7 ± 1.7 2.6 

J3 PMeOx35-PBuOx50(Acid)50 78 32.5 ± 2.0 4.7 

J11 PMeOx100-PBuOx15(Acid)15 28 26.2 ± 2.9 1.3 

G2 PMeOx46-PPynOx11(Acid)11-PBuOx11(Chol)0.9 37 22.2 ± 1.6 1.2 

G4 PMeOx62-PPynOx18(Acid)18-PBuOx11(Chol)2.1 41 14.9 ± 1.6 0.8 

[a] Acronyms of the polymers as used in the corresponding synthesis sections. 

4.1.3 Conclusion 

The calcium binding capacity of the acidic polymers was demonstrated and quantified in 

potentiometric titration experiments revealing remarkable Ca2+/COO¯ values of mPEG-PAsp33 

up to 68 % that corresponds to 10 wt% calcium uptake. The appropriate capacities qualify those 

polymers for further investigations with respect to the dissolution of hardly soluble calcium 

mineral. In that respect, hydroxyapatite dissolution was investigated in the following section of 

this chapter since it represents one major component of atherosclerotic plaques.   
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4.2 Hydroxyapatite dissolution 

With the future purpose of using the copolymers developed is this thesis to dissolve calcium 

phosphate scale from atherosclerotic plaques, the ability of some multifunctional block 

copolymers to solubilize hydroxyapatite (HAP) was investigated. HAP was chosen as it stands 

as a hardly soluble calcium phosphate mineral (HAP solubility product 2.91 × 10−58 M9 at 

25 °C) 216 and in addition HAP represents a relevant component of atherosclerotic plaques 22. 

4.2.1 Introduction 

An overview over the high stability of calcium phosphate minerals and the interaction with 

polymers is provided in the general introduction (section 1.3.3). 

4.2.2 Time-resolved calcium release from HAP in the presence of mPEG113-PGlu12-

PLys11(Chol)4.0 

The time-dependent release of calcium ions was investigated in a standardized dissolution set-

up (Figure 4.2, A). Therefore, a 20 mM HEPES buffer solution was adjusted to pH 7.4 and 

warmed to 37°C for mimicking the human blood pH and the body temperature. Two 

experimental runs were conducted in presence and in absence of mPEG113-PGlu12-

PLys11(Chol)4.0 (A3), as the cholesterol uptake was the highest for this structure out of the A 

group. The concentration of HAP and the polymer amounted 0.1 g/L each. Both experiments 

(with and without polymer) were started simultaneously, and 1 mL samples were aliquoted via 

syringe and quenched by filtration (syringe filter, 200 nm) at different times in the course of the 

experiment. The volume change was considered for calculating the concentrations. The final 

calcium concentration of the 1 mL samples was determined by atomic absorption spectroscopy 

(Figure 4.2, B).  

This dissolution experiment revealed the significant increase of the released calcium ions in the 

presence of the mPEG113-PGlu12-PLys11(Chol)4.0 (A3), compared to the reference system. The 

calcium adsorption of 2 mg/L (after 4 days) is equivalent to 29 % calcium ions per carboxylate 

group (Ca2+/COO¯). Surprisingly, this value is identical to the former HAP dissolution 

experiments described in Chapter 2 (Figure 2.14), even if different temperature and polymer 

concentration were used here. Furthermore, in the previous experiments the quenching was 

carried out after 15 h, before the maximum amount of calcium ions has been released (Figure 

4.2).  
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A   B 

  

Figure 4.2. A) Rotating paddle apparatus for the acquisition of dissolution profiles in HEPES buffer solution 

(pH = 7.4, rotational speed = 200±2 rpm, T = 37±1 °C). B) Concentration profiles of HAP-released calcium ions 

with and without the presence of mPEG113-PGlu12-PLys11(Chol)4 (A3). 

Nevertheless, the increased release of calcium ions in the presence of mPEG113-PGlu12-

PLys11(Chol)4.0 could be demonstrated comparing with the reference experiment. 

 

 

4.2.3 Surface adsorption of mPEG113-PGlu12-PLys11(Chol)4.0 on HAP (Quartz crystal 

microbalance analysis) 

The interaction of mPEG113-PGlu12-PLys11(Chol)4.0 (A3) and hydroxyapatite regarding the 

surface adsorption was further investigated by using a quartz crystal microbalance (QCM) 

equipped with hydroxyapatite modified quartz sensor. QCM constitutes a highly sensitive 

technique to measure surface interactions and surface reactions such as between lipid vesicles 

and inorganic surfaces.217  

A defined sequence of elution steps including pure water and the polymer dispersion was 

flushed over the HAP surface with constant flow and the polymer adsorption was monitored by 

frequency changes due to piezoelectric oscillation in the QCM cell (Figure 4.3).  
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Timeline 

1. HAP dissolution 

2. Max. HAP dissolution 

3. Polymer adsorption 

4. Max. polymer adsorption 

5. Slight polymer desorption 

6. Polymer adsorption 

7. Max. polymer adsorption 

8. Slight polymer desorption 

9. Constant polymer adsorption 

10. Polymer shrinkage 

Figure 4.3. Quartz crystal microbalance analysis of polymer – hydroxyapatite interaction. Blue curve represents 

the adsorption profile and the red curve the dissipation profile of the cantilever. Green bar represents the amount 

of adsorbed polymer on the HAP surface after the first elution cycle. 

The step-by-step interpretation of the adsorption profile is provided in the timeline (Figure 4.3). 

Washing the HAP crystal with water for 35 minutes induces a frequency increase due to the 

slight dissolution of hydroxyapatite (point 1) according to the HAP solubility product. The 

most significant decrease of the frequency occurs after 30 minutes with the start of eluting the 

100 ppm polymer dispersion (point 3) suggesting the polymer adsorption on the HAP surface. 

After the subsequent washing step (60 min) slight frequency increase indicates a slight polymer 

desorption (point 5). In a second elution cycle with polymer dispersion (1000 ppm), further 

polymer still adsorbs on the HAP surface, which reversibly desorb again (point 8) during water 

elution until a constant equilibrium of a fully coated surface (point 9). The dissipation is related 

to the viscoelasticity and contains general information about the stiffness of the adsorbent and 

thus indicates swelling and shrinkage due to (de-)hydration events.218 Here, after the second 

elution cycle with higher concentrated polymer dispersion, the decrease of the dissipation 

(point 10) suggests the shrinkage of the adsorbed polymer. The shrinkage could arise from the 

reorganization processes of the polymer chains on the surface in order to optimize the coating 
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under release of loosely-attached polymers (slight polymer desorption point 8) at the same 

time. 

The green vertical bar represents the amount of adsorbed polymer (Δm) on the HAP surface 

after the first elution cycle, corresponding to Sauerbrey relation “ Δm = – C n-1 Δf “, wherein 

C, n and Δf describe a specific constant (C = 17.7 ng cm-2s-1), the overtone vibration (here n = 1) 

and the frequency change (Sauerbrey relation), respectively.218  

The frequency difference Δf of 36.9 Hz indicates polymer adsorption (Δm) on the HAP surface, 

which has been determined to be 653 ng/cm2. The second polymer adsorption does not 

remarkably change the amount of the adsorbent after reaching the equilibrium (point 9).  

The BET surface of the applied hydroxyapatite was determined to 69.2 m2/g by physisorption 

measurement. This means that 0.45 mg polymer is adsorbed per mg HAP, and thus almost half 

of the applied polymer is removed. It is noteworthy that the BET surface was determined by 

physisorption measurement of nitrogen, a small molecule that can enter tiny pores of the HAP. 

In contrast, the polymer obtains a high steric demand, which limits the surface coating and 

reduces effective surface. However a significant amount of the polymer mPEG113-PGlu12-

PLys11(Chol)4.0 (A3) is supposed to adsorb on the HAP surface. 
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4.2.4 HAP dissolution in the presence of different polymers 

The capability of different polymer structures to solubilize hydroxyapatite was examined in 

broader screening experiments (Figure 4.4). Therefore, mixtures of polymer dispersion 

(0.5 mg/mL) and HAP (0.5 mg/mL) were stirred for 15 h prior to removal of non-bound 

hydroxyapatite via centrifugation. The calcium adsorbed polymer mixture in the supernatant 

was separated and the calcium content was analyzed by AAS. The HAP-released calcium ions 

can be quantified with this kind of experiments revealing insights in HAP solubilization induced 

by the polymers. Although the interaction between polymer and HAP is on a shorter time scale 

(compared to time-dependent HAP dissolution, Figure 4.2), the structural variety of different 

polymers can be investigated in a comparable way, and less polymer amount is needed. 

However, it is worth to mention, that the polymers presumably uptake more calcium ions in 

longer reaction periods based on the longer experiments presented above (Figure 4.2). 

 

Figure 4.4. Standardized experiment to investigate polymer mediated HAP dissolution. 

 

I. AAS measurements of the calcium polymer mixtures of the supernatant 

The supernatants of each experimental run were directly measured by atomic adsorption 

spectroscopy in order to determine the calcium concentration (SI-IV, table S1-S3). The 

quantified contents of adsorbed calcium ions are composed below (Table 4.2). 

AAS analyses determined the presence of calcium ions in all polymer solutions/dispersions. 

Comparing the concentration of calcium ions with the amount of available carboxylate groups, 

the calcium content ranges majorly from 10 to 15 % Ca2+/COO¯ for the double hydrophilic 

diblock copolymers (Table 4.2).  

Table 4.2. HAP dissolution experiments in triplicates. Calcium binding quantities of various block copolymers 

with segments of negatively charged carboxylates and/or positively charged polylysine. 
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Entry [a] Polymer composition 

carboxylate 

content 

[mol%] 

calcium ions/ 

carboxylate 

[%] 

calcium ions/ 

polymer 

[%] 

I1 mPEG113-PGlu11 22   8.6 ± 0.4  0.7 

I2 mPEG113-PGlu27 41 10.7 ± 0.4 1.5 

I3 mPEG113-PAsp8 15 16.3 ± 0.5 1.0 

I4 mPEG113-PAsp23 34 12.5 ± 0.3 1.6 

I5 mPEG113-PAsp33 43 14.9 ± 0.9 2.4 

A2 mPEG113-PGlu12-PLys11(Chol)1.5 18 25.4 ± 4.1 1.4 

A3 mPEG113-PGlu12-PLys11(Chol)4.0 16 29.6 ± 6.6 1.5 

I6 mPEG113-PLys7 15    23.3 ± 6.6 * 1.2 

I8 mPEG42-PLys25 63      4.8 ± 0.9 * 0.9 

= = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = == = = = = 

J1 PMeOx33-P(COOH)9BuOx9 41 11.3 ± 0.9 1.0 

J2 PMeOx34-P(COOH)35BuOx35 72   5.8 ± 0.5 0.9 

J3 PMeOx35-PBuOx50(COOH)50 78   8.9 ± 0.4 1.4 

J5 PMeOx38-P(COOH)15.5BuOx16 51 10.0 ± 1.5 1.0 

J7 PMeOx46-PBuOx12(COOH)7 35 10.5 ± 1.1 0.6 

J8 PMeOx57-PBuOx8(COOH)3.5 22 83.4 ± 7.8 2.0 

J9 PMeOx63-P(COOH)12BuOx13 33 12.5 ± 2.1 0.9 

J10 PMeOx63-P(COOH)50BuOx50 67 10.7 ± 0.7 1.4 

J11 PMeOx100-P(COOH)15BuOx15 28 12.9 ± 3.4 0.8 

[a] Acronyms of the polymers as used in the corresponding synthesis sections. * Since the polymers contain 

positively charged lysine segments, those numbers represent the amount of calcium ions per lysine group for the 

sake of comparability. 

The outstanding calcium content of 83 % calcium ions per carboxylate group of PMeOx57-

PBuOx8(COOH)3.5 (Table 4.2, J8) is presumably too high, compared to other structure-related 

J-polymers and needs further investigation for confirmation. Nevertheless, the three replica 

include a moderate error range (< 10 %).  

Regarding the triblock copolymers, calcium binding was detected in the range of 25 to 30 % 

per carboxylate group (Table 4.2, A2 and A3). This is significantly higher compared to other 

double hydrophilic diblock copolymers and might originate from the presence of lysine 

domains. Those positively charged moieties could potentially bind dissolved phosphate ions in 

addition, and in turn, promote elevated calcium adsorption due to charge screening. The 

exceptional high calcium adsorption of mPEG113-PLys7 (Table 4.2, I6) supports this assumption 

regarding the screened repulsive forces between lysine and calcium, which are supposed to be 

mediated by presence of phosphate ions. Interestingly, this phenomenon is less pronounced 
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when the number of positive units increases significantly to 25 lysine units (Table 4.2, I8). At 

this point it is noteworthy that AAS analysis for measuring the phosphate concentration failed, 

since the phosphate concentration was below the detection limit of the low-energy phosphorus 

hollow cathode lamp.  

II. TGA and PXRD analysis 

Powder X-ray scattering (PXRD) and thermogravimetric analysis (TGA) was performed in 

order to investigate the polymer adsorption onto the hydroxyapatite surface (separated 

sediment) and further to analyze ionic scavenging of the polymers (separated supernatant). 

Therefore, the supernatant was freeze-dried and the sediment was re-dispersed in water and 

centrifuged (2 times) to remove excess polymer.  

TGA measurements of the supernatant in O2 atmosphere reveal the pyrolysis of organic material 

in the temperature range from 200 to 600°C, after the loss of residual water below 200°C 

(Figure 4.5, A and C). The polymers mPEG-Asp33 (I5, red line) and mPEG113-PGlu12-

PLys11(Chol)0.5 (A1, blue line) undergo a further mass loss above 600°C (4 % and resp. 18 %), 

which might arise from the decomposition of CaCO3 to CaO and CO2 at 600 - 850°C. The 

occurrence of calcium carbonate is supposed to originate from the conversion of calcium 

absorbed carboxylates (Ca2+/COO¯) under elevated temperatures.219 Interestingly, this process 

is not observed for the polyoxazoline polymers, probably due to other gas release processes 

upon pyrolysis (Figure 4.5, C).  

TGA analysis of the sediment (Figure 4.5, B and D) revealed the reduction of mass of 2 – 10 % 

(Table 4.3) in the temperature range of 200 - 600°C. The outstandingly high organic mass loss 

(15 %) of the triblock copolymer mPEG113-PGlu12-PLys11(Chol)0.5 (A1) is supposed to 

originate from the presence of non-adsorbed polymer. In this case, the whole supernatant could 

not completely be separated by the washing process from the HAP sediment, since the triblock 

copolymers precipitate as well in the centrifugal field.  

The quantity of combusted organic content in the sediment is supposed to correspond to the 

amount of polymer adsorbed on the HAP surface (except A1 polymer), that has been reported 

before for charged amino acids.220 Therefore, TGA results suggest a remarkably higher affinity 

of the PEG-peptides to adsorb on the HAP surface (Table 4.3, 8 – < 15 %) then the 

polyoxazolines (Table 4.3, 2.5 – 6 %). Considering the structural composition of the 

polyoxazolines, the carboxylate content of the polymers essentially determines the adsorption 

tendency, since polymers with longer chains of watersoluble, non-interacting PMeOx segment 

adsorb less on the HAP surface. 
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Figure 4.5. Thermogravimetric analysis in O2 atmosphere of separated supernatant (A and C) and sediment (B 

and D) of different polymer-HAP mixtures based on PEG-Peptides and polyoxazolines. 

 

Table 4.3. TGA analysis of supernatant and sediment of various polymer-HAP mixtures. 
 

Entry Polymer 
Supernatant 

organic content [%] 

Sediment 

organic content [%] 

I6 mPEG113-PLys7 94   9.6 

I5 mPEG113-PAsp33 64   8.1 

A1 mPEG113-PGlu12-PLys11(Chol)0.5 40     15.0 * 

J2 PMeOx34-P(COOH)35BuOx35 76   5.7 

J3 PMeOx35-PBuOx50(COOH)50 71   5.5 

J5 PMeOx38-P(COOH)15.5BuOx16 82   2.5 

J11 PMeOx100-P(COOH)15BuOx15 90   2.9 

* Might be too high, since the precipitated polymer could not be removed completely. 
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Powder X-ray diffraction analyses were performed for selected polymer architectures (mPEG-

PGlu27, mPEG-PAsp33 and mPEG-PLys7) in order to characterize the present materials and their 

structure of the separated supernatant and sediment powders (Figure 4.6).  

 

Figure 4.6. Powder X-Ray diffraction pattern of pure polymer (black), separated supernatant (orange) as well as 

separated sediment (violet) of polymer-HAP mixtures, and pure HAP (blue). A) mPEG-Glu27 B) mPEG-PAsp33 

C) mPEG-PLys7 D) PXRD analysis of residual TGA ashes of separated supernatant and sediment of C.  

For the characterization of the supernatant and the HAP sediment for each polymer architecture, 

the PXRD patterns of freeze-dried polymer and starting HAP powders were used as references. 

It is worth to mention that the three freeze-dried polymers show well-defined diffraction peaks 

with peak maxima centered in 2Θ =19.25° and 23.40°. This is in good agreement with previous 

PXRD analysis of polyethylene glycol (8000 g/mol).221  

Independent from the polymer architecture (Figure 4.6, A, B and C), PXRD patterns reveal only 

polymer signals in the supernatant (Figure 4.6, black and orange graphs) and HAP signals in 

the sediment (Figure 4.6, violet and blue graphs). Hence, PXRD analyses indicate the absence 

of hydroxyapatite in the supernatant giving rise to the conclusion of ionic binding only instead 
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of traces of HAP chunks. The absence of the polymer in the sediment might originate from the 

low polymer content (according to TGA) in the samples, which is beyond the detection limit. 

The more reliable explanation considers the presence of polymer monolayers absorbed on the 

HAP surface. They could hardly form larger crystalline domains as they are presumably occur 

in the dried supernatants where large polymer amounts are free in their conformation and thus 

forming (semi-)crystalline domains. However, the amount of polymer material might be too 

low for appropriate scattering. 

Furthermore, the combustion residues of the TGA analysis (Figure 4.5, A and B) for mPEG-

PLys7 were additionally investigated by PXRD (Figure 4.6, D) showing highly crystalline 

diffraction patterns in the supernatant and sediment, which are congruent to HAP. This is 

interesting from several points of view. The absence of HAP in the supernatant confirms a 

complete separation of the two phases after centrifugation and thus confirms the validity of the 

HAP dissolution experiments (AAS measurements in Table 4.2) including the investigations of 

the polymers affinity to bind calcium ions dissolved from hydroxyapatite. Therefore, calcium 

and phosphate ions (in the case of lysine containing polymers) are attached to the polymers, in 

contrast to the potential uptake of tiny, crumbled HAP chunks. 

More importantly, the presence of highly crystalline HAP signals after thermal exposition 

(TGA) suggest conversion of polymer bound calcium and phosphate ions - besides hydroxyl 

ions if necessary - (HAP signals are absent in Figure 4.6, C, orange curve) into crystalline HAP 

during organic combustion. This polymer bound “ionic cloud” might also be the explanation 

for the high calcium binding of mPEG-PLys7 measured by AAS (Table 4.2, I6). In contrast, the 

presence of highly crystalline HAP in the sediment after TGA (Figure 4.6, D, violet curve) was 

expected, since the sediment is majorly composed of HAP and the heating temperatures up to 

1000°C resemble a sintering process that triggers organic release and thus HAP crystallinity is 

even enhanced. 
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4.2.5 Conclusion 

This section focused on the investigation of specific polymers regarding hydroxyapatite 

dissolution. The binding capacity of different polymer structures concerning calcium and resp. 

phosphate ions was determined and found to be up to 30 % Ca/COO– dependent of the polymer 

structure. Hence, calcium binding is seemed to be increased if the carboxylate content is lower. 

Furthermore, it was elucidated that only small amounts of the polymers (between 3 and 10 %) 

adsorbs on the HAP surface. This means that these polymers predominantly dissolve the HAP 

crystals instead of adsorbing on the HAP surface. The polymer binding of calcium ions by the 

multifunctional block copolymers developed in this thesis strongly suggest that they could 

represent promising solubilization agents for hardly soluble calcium minerals. Related queries 

addressing the improvement of the efficiency of the entire HAP dissolution in the presence of 

polymer structures were not the focus of these studies and need to be answered or engineered 

in further projects. 
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4.3 Inhibition of Hydroxyapatite nucleation 

This project was performed in close cooperation with Dr. Cristina Ruiz-Agudo from the Group 

of PD Dr. Denis Gebauer, Physical chemistry, University of Konstanz. Aurelia Ibanez from the 

University of Granada helped with the titration experiments. The applied polymers were 

synthesized in the course of this thesis and the titration experiments, analysis and interpretation 

was done in collaboration with Dr. Ruiz-Agudo. 

 

The specific properties of the multifunctional block copolymers to adsorb free calcium ions 

(section 4.1) and to solubilize hardly soluble hydroxyapatite crystals (section 4.2) have been 

demonstrated above. Now, complementary investigations presented in this chapter aim to 

unravel the effect of selected polymers in HAP nucleation from the scale inhibition perspective. 

In this section, the organic – mineral interaction in the course of calcium phosphate 

crystallization and the role of specific macromolecular additives on HAP crystallization have 

been investigated. In the center of this conundrum is the multifunctional block copolymer 

mPEG113-PGlu12-PLys11(Chol)1.5 (A2) and its effect on HAP nucleation. The specific influence 

of the PGlu and PLys segments of this block copolymer will be investigated in detail by 

separating the charged blocks into single polymer chains. Hence, the double hydrophilic block 

copolymers mPEG-PGlu and mPEG-PLys were applied for deciphering the effect of each 

domain on HAP crystallization using potentiometric titration (Figure 4.7). 

 

Figure 4.7. Representation of the precipitation experiments carried out in order to study apatite formation in the 

present of different polymers, which was monitored by potentiometric titration. 
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4.3.1 Introduction 

The formation of calcium phosphates mineral constitutes an important research field in various 

physicobiological systems since this inorganic material frequently occurs in biologically 

mineralized systems. Many studies have investigated the effect of amino acids, peptides and 

polymers on HAP crystallization,222-225 however, mainly seed growth and the characteristics of 

resultant HAP precipitates were assessed 226-228 and just a few attempts have addressed the HAP 

nucleation.229 Moreover, most of the studies suggest that the inhibitory effect of some amino 

acids such as lysine, aspartic acid, and glutamic acid is due to their adsorption on HAP surface 

and no interaction with HAP precursor structures is investigated or conceived.226, 227 The aim 

of this research focuses on elucidating the effect of different polymer architectures on the early 

stages of HAP crystallization by using titration experimental approach.230 Previous studies have 

shown that osteopontin protein is able to stabilize a calcium phosphate liquid precursor phase 231 

due to the large amount of aspartic acid, glutamic acid, and highly negatively charged, post-

phosphorylated serine residues 232. The concept of polymer-induced liquid phase (PILP) is 

mainly based on the stabilization of liquid coacervate-like metastable phases with 

mineralization solutions by using charged macromolecules.233 Appropriate polymer 

architectures for phase stabilization include domains of functional groups such as carboxylates, 

phosphates, sulfonates, amines, etc., in order to mediate interactions to ions and ionic 

associates. Hence, poly aspartic and glutamic acid are widely used as macromolecular additives 

and stabilizers.138 

4.3.2 Results and discussion 

Potentiometric titration provide substantial information on thermodynamic processes along the 

nucleation such as ionic binding, stabilization of prenucleation clusters, the presence of PILPs, 

the solubility of the precipitate, etc.230 This study focuses on the identification of the effect of 

various polymer architectures on calcium phosphate nucleation with respect to their interaction 

with calcium phosphate precursor phases and the crystallinity of the final HAP precipitates. 

Therefore, a phosphate buffered solution containing the different polymer architectures 

(0.5 mg/mL) was titrated with calcium chloride solution at constant physiologic pH (7.4) while 

measuring the free calcium ion potential and the turbidity. The mineral precipitates were 

collected and analyzed in terms of their morphology and crystallinity.  

  



Inhibition of Hydroxyapatite nucleation 

 190 

Mineral interactions 

I. Titration experiments to analysis the prenucleation stage 

The titration profile is depicted below (Figure 4.8) illustrating the time evolution of free-

calcium(II) concentration as a function of added calcium for the diverse polymer structures 

mPEG113-PGlu12-PLys11(Chol)1.5 (A2), mPEG42-PLys25 (I8), mPEG113-PGlu11 (I1), and 

mPEG113-PGlu27 (I2), and without polymer as reference. In the reference experiments without 

polymer (black line), the amount of free calcium increases approximately linearly with the 

addition of calcium. However, the measured amount of free calcium is significantly lower than 

the amount of calcium that has been added (Figure 4.8, dashed line). This phenomenon was 

previously described and attributed to the formation of stable associates in solution 

(prenucleation clusters) prior to nucleation of the mineral phase.230 These entities have been 

identified in several mineral systems such as calcium carbonate 211, barium carbonate 234, 

barium sulphate 235, calcium oxalate 236, iron oxides 237 and calcium phosphate 238. In the 

calcium phosphate system, the formation of Posner clusters was suggested prior to the 

amorphous calcium phosphate phase, however, the debate about the size of the clusters and 

their role during HAP crystallization is still ongoing.238 

  

Figure 4.8. Time development of the amount of free calcium ions in the presence of the different copolymers 

studied at pH 7.4. All polymers have a concentration of 0.5 mg/mL. Just one replica per experiment is shown for 

clarity (see SI-IV Figure S1). 
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The maximum value of the free calcium curve represents the nucleation point, which is 

triggered by the calcium ions added to the phosphate buffer. The consumption of free calcium 

ions in this crystallization process induces the effective decrease of the free calcium 

concentration. This proceeds in two levels, which can be additionally monitored by turbidity 

measurements (Figure 4.9, A). The first decrease has been assigned to the formation of a 

transient amorphous phase, which transforms to a more stable and less soluble apatite phase 

(second decrease).229 The amount of free calcium ions drops to a value that corresponds to the 

particular solubility concentration of the precipitated calcium phosphate phase. Regarding the 

evolution of the transmittance in the reference experiments (Figure 4.9, purple line), an initial 

region with high and stable transmittance values corresponding to the prenucleation regime 

could be distinguished, followed by two consecutive decreases that are separated by a flattener 

decrease of the transmittance of the solution. A dissolution-precipitation process associated to 

the amorphous to crystalline transformation could provoke this transition segment on the 

transmittance curve. Finally, the transmittance decrease is considerably slowed down nearly 

reaching a plateau. 

 

Figure 4.9. Schematic illustration of the evolution of the free-calcium and transmittance of the solution versus the 

added calcium during the experiments. a) The additive-free system. b) Representation of the curves obtained when 

polymers are present in the phosphate buffer. Titration curves are highly affected by the polymers presence. The 

amorphous to crystalline transformation produced kin in the transmittance signal (marked by black arrow). 

The titration curves in the presence of the polymers are significantly different (Figure 4.8 and 

Figure 4.9, B). In general, negatively charged amino acids such as glutamic acids have been 

shown to have greater effect on HAP crystallization than positively charged amino acids like 

lysine.239 Thus, effects from mPEG113-PGlu11 and mPEG113-PGlu27 are supposed to be greater 

than for mPEG42-PLys25 or mPEG113-PGlu12-PLys11(Chol)1.5. Similar to the reference 

experiments, at first, the free calcium increases linearly with the amount of calcium added. A 

clear binding of calcium ions by ion exchange mechanism is observed only for the polymer 
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mPEG-PGlu27 (Figure 4.8, blue line) causing a delay on the beginning of the linear increase of 

the free calcium curve. The fact that this delay also occurs for mPEG-PGlu11 (Figure 4.8, red 

line), however, it is not as pronounced as in case of mPEG-PGlu27 underscoring the structural 

influence of the large negative domain on the calcium adsorption. Considering the other 

polymer structures, the prenucleation part is linear and no clear binding of calcium ions was 

detected. 

The slope of the free calcium curve before nucleation depends on the amount of polymer 

adsorbed calcium ions and on the stabilization of the calcium-phosphate prenucleation 

associates. A steeper slope indicates that less calcium bound in those prenucleation associates, 

compared with the reference experiments, whereas a flatter slope indicates that more calcium 

is bound. Here, only slight changes in the prenucleation region are observed in the presence of 

the polymers (Figure 4.10). The polymers mPEG113-PGlu11 and mPEG113-PGlu27 have no 

obvious effect of the free calcium prenucleation slope indicating no significant interaction of 

the macromolecules with calcium phosphates associates. Interestingly, the slope is steeper for 

mPEG42-PLys25 and mPEG113-PGlu12-PLys11(Chol)1.5. Apparently the positively charged 

polylysine segment affects the interactions of the calcium phosphates associates in terms of 

destabilization. The slope change of the triblock copolymer is less pronounced than for 

mPEG42-PLys25 presumably due to attractive contributions of the present domain of glutamic 

acids. 

 

Figure 4.10. Bar plots illustrating the effect of different polymers on the slope of the free-calcium curve in the 

prenucleation stage. Results are given as relative changes to the reference experiments (polymer-free scenario), as 

quotients of the respective values determined in the presence and in the absence of different polymers. 
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After prenucleation stage, there is no first drop in the free calcium curve, but a sudden change 

in the calcium slope that becomes nearly horizontal shortly and then starts to rise again linearly 

(marked region in Figure 4.9, B). This region of calcium curve associates with the first and 

flatter decrease of the transmittance of the solution (Figure 4.9, B) and it does not occur in the 

control runs, where the first change in calcium signal after the linear increase corresponds to a 

marked drop. This new stage on the crystallization could be due to the formation/stabilization 

of a Ca-PO4 metastable phase in the presence of the polymers, as it was suggested by Ibsen et 

al.229 Here, increasing amount of milk-based phosphoprotein protein (Osteopontin) were 

observed resulting in the extended stabilization of a calcium phosphate precursor phase that is 

postulated to be PILP-like phase. The stabilization of this PILP-phase is related to the polymer 

structures that were present in the precipitation media. Taking into account the effect on the 

extension of this new part of the free calcium curve, polymers can be ordered in the following 

sequence mPEG42-PLys25 < mPEG113-PGlu12-PLys11(Chol)1.5 < mPEG113-PGlu11 < mPEG113-

PGlu27. Larger domains of glutamic acid (mPEG113-PGlu27) results in the greatest stabilization 

of the PILP phase probably stabilizing this liquid phase against dehydration.240  

II. Calcium phosphate crystals 

ATR-IR, XRD and field emission scanning electron microscopy (FESEM) analysis of the solids 

after experiments confirmed that the main precipitated phase is hydroxyapatite in the presence 

and in the absence of polymers.  

 

Figure 4.11. A) Fourier transform infrared (FTIR) spectra and B) powder X-ray diffraction (PXRD) pattern of 

samples isolated from titration experiments by filtration. 
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ATR-IR analysis for control run and polymer samples (Figure 4.11) present characteristics in 

plane bending mode (4 PO4
3-) for hydroxyapatite at 557 and 599 cm-1, symmetric stretching 

mode (1 PO4
3-) at 958 cm-1, and anti-symmetric stretching mode (3 PO4

3-) at 1015 cm-1. At 

872cm-1 is detected a thin band which could correspond to P-OH stretching in HPO4-bearing 

apatite. However, it is difficult to distinguish from out-of-plane bending mode (2 CO3
2-) if 

apatite is partially carbonated which seems to be the case for those precipitates since a weak 

broad band 1350–1570 cm-1 is present corresponding to anti-symmetric stretching mode of 

carbonate (3 CO3
2-). Carbonate incorporation in HAP is a common phenomenon and it can be 

interpreted as an additional confirmation of apatite formation since octacalcium phosphate 

(OCP) structure cannot accommodate CO3
2- ions. Traces of absorbed water in control runs are 

present in the 3000 to 3600 cm-1 regions while out-of-plane 2 vibrations of water molecule are 

present around 1590 and 1640 cm-1. Similar vibrations can be found for samples precipitated in 

the presence of polymers but are difficult to identify with precision due to the overlapping of 

polymer signal. No traces of s of O-H bonds could be found in either samples or control run 

suggesting that the precipitates are poorly crystalline and nonstoichiometric forms of HAP.241 

The polymers seem to be incorporated into the HAP phase as indicated by the vibration between 

2950 cm-1 and 2860 cm-1 originating from C-H vibration modes of organic materials. This is 

specially pronounced in the case of mPEG113-PGlu12-PLys11(Chol)1.5 possessing a high content 

of C-H groups in the cholesteryl entities, less marked of mPEG42-PLys25 and almost 

disappeared in the mPEG113-PGlu samples with reduced domains of C-H groups.  

In addition, complementary XRD analysis (Figure 4.11, B) also suggests that the main 

precipitated phase in poorly crystalline HAP with two broad peaks at 2Θ = 26 and 32.241, 242 

However, the poor quality complicates the identification of all peaks and thus cannot provide 

information on the presence of polymers. 

FESEM observations in the reference experiments without polymer illustrate different 

morphologies on the calcium phosphate precipitates (Figure 4.12, A). Crumbles of ~100 nm 

nanospheres (Figure 4.12, B), fibres (Figure 4.12, C) and small flakes structures (Figure 4.12, 

D) were formed in the reference experiments. These nanospheres could correspond to traces of 

nano-HAP that can be re-organized to form larger HAP crystals.243 In the presence of the 

polymers, mPEG113-PGlu12-PLys11(Chol)1.5 yielded larger and better-defined flakes (Figure 

4.12, E) comparing with the references experiments.  
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Figure 4.12. FESEM observations of the HAP precipitates obtained in without polymer (A - D) the presence of 

the different polymer structures. E) mPEG113-PGlu12-PLys11(Chol), F) mPEG113-PGlu11, G) mPEG113-PGlu27 and 

H) mPEG42-PLys25.
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These morphologies suggested a more ordered crystalline material comparing with the other 

polymer tested or with the control experiments. The presence of mPEG42-PLys25 also resulted 

in flakes-shaped structures, however, they were significantly smaller and less developed (Figure 

4.12, F). Both mPEG113-PGlu calcium phosphate structures (Figure 4.12, G and H) resulted in 

an apparent poorly crystalline nano-HAP as found by Matsumoto et al. in the presence of 

negatively charged (Glu and Asp) and neutral (Gly and Ser) amino acids.225 Even if the chain 

length of the PGlu segment plays a fundamental role in the crystallization of HAP as it has been 

shown above, the morphologies obtained in this study in the presence of mPEG113-PGlu 

structures are very similar in both experiments. 

 

4.3.3 Conclusions 

This study has used a constant-pH titration approach to investigate how different polymer 

structures interacted with calcium phosphate precursor phases. It was shown that all the tested 

polymers were able to induce/stabilize a calcium phosphate liquid intermediate phase. The 

combination of PEG and acidic glutamic acid chains seems to result in the strongest interaction 

of the polymer and calcium phosphate associates. This yields to the greatest stabilization of this 

liquid phase when larger domains of PGlu are employed, as demonstrated for mPEG113-PGlu27. 

The obtained calcium phosphate precipitates were identified as hydroxyapatite with varying 

nanoscopic morphologies dependent on the present polymer type.  
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4.3.4 Experimental part and methods 

The crystallization of calciumphosphate at pH 7.4 in the presence of different polymer 

structures was investigated by slowly titrating diluted calcium chloride solution into 50 mL of 

phosphate buffer (pH 7.4) according to a protocoll described by Gebauer and co-workers.138  

Precipitation experiments were performed using a computer controlled titration setup 

manufactured by Methrom. Dosing devices add 10 mM CaCl2 solution at a constant rate of 0.12 

mL/min to a 10 mM phosphate solution (with and without the presence of macromolecular 

additives). The polymers were dissolved in 25 mL of Milli Q (resistivity < 18.2 µS/cm) water 

and stirred for 24 h. Following, the polymer dispersions were mixed with 25 mL of 20 mM 

phosphate buffer immediately prior the titration experiments. The final concentration of the 

polymers in the phosphate buffer was 0.5 mg/mL. The pH was kept constant (~ 7.4) during the 

experiments by counter titration of 100 mM NaOH. The Ca2+ potential was monitored by means 

of an ion selective electrode (ISE). The pH was measured using a glass electrode from Methrom 

that served as the reference for the Ca-ISE. Transmittance was also monitored during the course 

of the experiments by using of visible light transmission probe (Optrode). After experiments, 

solids were filtered through cellulose nitrate membrane filters (Millipore pore size = 0.22 μm) 

and collected for ex-situ analysis. Stepwise addition of CaCl2 to doubly deionized water (Milli-

Q) was performed for calibration of the ISE. In these calibration runs, Ca2+ potential was 

measured as a function of solution concentration, using identical settings as in the precipitation 

runs. Calibration was conducted in water because the ionic strengths in the different 

precipitation runs are low and the ionic activity contribution is within the range of the typical 

experimental error.214 That results in a sustainable approximation. Calcium potentials in the 

experimental runs were converted into free calcium concentrations using an average linear 

equation determined in the calibration assays in water. XRD analyses were carried out in a 

PANanalytical X'Pert Pro X-ray diffractometer equipped with Cu Kα radiation (λ = 1.5405 Å) 

at 2θ range between 3 and 70° and at a scanning rate of 0.002° 2θ s−1. The solids were crushed 

and deposited on Aluminium sample holders (peak positions due to sample holder (38.4, 44.7, 

65). Attenuated-total-reflection Fourier-transform infrared (ATR-FTIR) spectra were recorded 

in the region 4000-650 cm-1 with a Perkin Elmer spectrometer 100, equipped with a diamond 

ATR crystal (universal ATR-sampling accessory). 64 scans were performed for each spectrum 

with a spectral resolution of 4 cm-1. After titration experiments the obtained precipitates were 

placed on the diamond crystal and force was applied on the samples before a measurement was 

performed. For all sample measurements, air was used as background reference. Measurements 

were performed at least twice to confirm reproducibility. FESEM imaging of the dried 

precipitates was performed on FESEM Auriga (Zeiss). The nitrocellulose filters contained the 

final precipitates were Au or C coated (10-15 nm thick layer) prior to analysis which allowed 

better imaging. EDX analysis confirmed calcium phosphate formation.  
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4.4 Conclusive summary of Chapter 4 

In conclusion, this study highlights the polymer structure mPEG-PGlu12-PLys11(Chol)1.5 (A2) 

and its vice versa ability to influence hydroxyapatite crystallization on the one hand and 

dissolve hydroxyapatite on the other hand. All polymers have been shown to adsorb significant 

amounts of calcium ions from ionic solution and crystalline environment up to 30 % Ca/COO–

. The polymer binding of calcium ions by the multifunctional block copolymers developed in 

this thesis strongly suggest that they could represent promising solubilization agents for hardly 

soluble calcium minerals 
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CHAPTER 5 -  Biological investigation 

As the next step towards the solubilization of atherosclerotic plaques, it is essential to 

investigate the contact of the polymer devices to biological systems. This chapter focuses on 

the evaluation of the cytotoxicity of representative synthesized polymers in this thesis on human 

kidney cells. In addition, the behavior of polymer micelles within living liver and kidney cells 

of a fluorescence-labeled polymer is investigated including the study of cell-entering and cell-

distribution mechanisms as well as the intracellular cholesterol uptake. Moreover, the in vivo 

biodistribution in a mouse model of a radio-labeled polymer is being studied. 

5.1 Cytotoxicity 

The cytotoxicity assays of representative polymer architectures were performed by Dr. Philipp 

Secker in the group of Prof. Dr. Daniel Dietrich, Human and Environmental Toxicology, 

University of Konstanz. Parts of the presented results are published in “Advanced functional 

Materials” with the title: “Multifunctional block copolymers for simultaneous solubilization of 

poorly water-soluble Cholesterol and Hydroxyapatite crystals” Philipp Keckeis, Eliška 

Drabinová, Cristina Ruiz-Agudo, Jonathan Avaro, Lisa Glatt, Miloš Sedlák and Helmut 

Cölfen*. 127 The exact parts are not labeled with quotes for the sake of readability. 

 

In vitro / ex vivo investigations for cytotoxic assessment constitute the first crucial step to 

evaluate substances in terms of their potentially-hazardous impact to biological relevant 

systems. Specific polymer architectures as representatives of the different polymer families 

were examined in ex vivo cell viability and cell death assays, including the specific polymer 

structures PMeOx58-PBuOx8.8(Chol)3.3 (F8), PMeOx60-PPynOx7.5(Acid)2.3-PBuOx11.5(Chol)0.9 

(G3), mPEG-PLys6.6(Chol)4.2 and mPEG-PGlu12-PLys11(Chol)1.5 (A2). 

The polymers were exposed to renal proximal tubule epithelial cell line RPTEC/TERT1 in 

different concentrations for 72 h and the Alamar Blue (or resazurin) and lactate dehydrogenase 

(LDH) leakage assays, respectively were performed.244 In general, living cells metabolize 

fluorescent-inactive resazurin to fluorescent resorufin by autoreduction. If the cells are dead, 

the fluorescence activity of the samples is dramatically decreased. On the other hand, dying 

cells rupture and release their cellular content, such as enzymes like LDH, into the cell culture 

medium. Consequently, cell viability can be quantified by fluorescent measurement and cell 

death can be quantified over the extracellular LDH activity.  

The obtained resorufin fluorescence data for the polymers showed no loss of cell viability for 

the adjusted concentrations (Figure 5.1). Interestingly, some treatments resulted in significantly 
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larger values over 100% (Figure 5.1, A and C). Therefore, clarification about stimulated cell 

activity (increase over 100%) regarding the resazurin reduction by RPTEC/TERT1 cells due to 

the polymer presence are necessary by using alternative cell viability assays. 

However and more important, the data suggests that all compounds do not negatively affect the 

cellular viability and none of the applied polymer structures causes cell death as determined by 

LDH leakage at the given concentrations. Therefore, any acute substantial interference between 

the multifunctional triblock copolymers with essential functions of RPTEC/TERT1 cells is 

unlikely. 

 

Figure 5.1. Cytotoxicity assays of representative architectures of diblock and triblock copolymers. Cell viability 

was investigated using Alamar Blue (or resazurin) assay and cell death was assessed using lactate dehydrogenase 

(LDH) leakage assay. A) PMeOx58-PBuOx8.8(Chol)3.3 B) PMeOx60-PPynOx7.5(Acid)2.3-PBuOx11.5(Chol)0.9 C) 

mPEG-PLys6.6(Chol)4.2 D) mPEG-PGlu12-b-PLys11(Chol)1.5. 
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5.2 Visualization of cellular cholesterol uptake inside living cells 

The following presented data were performed in a close collaboration with the group of Prof. 

Dr. Zumbusch and in particular with Dr. Franziska Doll. A manuscript with the presented 

results has been submitted to “Macromolecular Bioscience” with the title “Visualizing 

Cholesterol Uptake by Self-Assembling Rhodamine B-Labeled Polymer Inside Living Cells 

via FLIM-FRET Microscopy” Franziska Doll, Philipp Keckeis, Patricia Scheel and Helmut 

Cölfen*. The exact parts are not labeled with quotes for the sake of readability. 

 

Prior to in vivo experiments, further investigations are required including the elucidation of 

polymer interaction with cellular systems. Hence, this sections describes the application of 

RhodamineB-modified mPEG-PGlu12-PLys11(Chol)1.5(RhoB) (A2) inside living human cells. 

This includes the study of the polymer behavior inside the cells with respect to the uptake 

mechanism, the intracellular distribution but also the viability. Most importantly, the 

intracellular cholesterol absorption by the polymer will be demonstrated.  

 

Figure 5.2. Chemical structure of the RhoB polymer mPEG-PGlu12-PLys11(Chol)1.5(RhoB). 

Second, the ability of the polymeric particles to absorb cholesterol inside living human cells 

was analyzed using boron-dipyrromethene difluoride (BODIPY), which is a tagged cholesterol 

fluorophore (Figure 5.2). Since there is no significant difference in the physical and biological 

behavior between fluorescent and natural cholesterol, BODIPY cholesterol has been utilized 

multiple times in cell models, e.g. for monitoring cholesterol transport over time or analyzing 

cholesterol uptake pathways and inter-organelle cholesterol flux.245-247 When BODIPY-

cholesterol is encapsulated within RhoB-polymer particles (the label is in the hydrophobic 

polymer segment), both fluorophores are in close distance to induce Förster resonance energy 

transfer (FRET). Two different cell lines (kidney and liver cells) were used to investigate the 

intracellular polymer interaction. 
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5.2.1 Synthesis of RhoB labeled polymer 

Rhodamine B was covalently attached to the hydrophobic polymer segment over thiourea 

linkage of RhoB isothiocyanate and the amines of the lysine block. Therefore, RhoB and 

polymer were stirred in an ethanol/water (1:1) mixture in the presence of potassium carbonate 

for five days prior to exhaustive dialysis (MWCO = 1000 g/mol) against both methanol and 

water until complete discoloration. The freeze-dried pink powder was analyzed by NMR, ATR-

IR and UV/Vis spectroscopy revealing the RhoB attachment. The successful attachment of 

RhoB to the polymer was determined by ATR-IR spectroscopy (SI-V, Figure S1) showing the 

presence of characteristic thiourea C=S stretching mode at 1187 cm-1 and further the absence 

of the characteristic thioisocyanate vibrational mode at 2150 cm-1 of non-bound dye.248 Proton 

NMR spectral analysis suggested that only traces of the fluorescence dye are bound to the 

polymer (SI-V, Figure S2), which might originate from the poor RhoB solubility in deuterated 

chloroform. UV/Vis measurements of the RhoB polymer dispersion in water reveal the 

absorption maximum at 561 nm (SI-V, Figure S3). 

RhoB linkage to the polymers might lead to morphological changes of polymeric particles due 

to the increased steric demand of the Rhodamine B molecules. Therefore, zeta potential 

measurements (Figure 5.3, A) and dynamic light scattering (Figure 5.3, B) was performed 

showing no significant differences in zeta potential (polymer: -13 mV vs RhoB polymer: 

- 13.2 mV) and in the particle size (polymer: 22 nm (2 %) and 207 nm (98 %) vs RhoB polymer: 

33 nm (6 %) and 276 nm (94 %)). 

 

Figure 5.3. Zeta potential and DLS analysis of the unlabeled polymer dispersion (black line) and of RhoB-labeled 

polymer (red line). 
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5.2.2 Cellular uptake 

The interaction between RhoB polymer with human embryonic kidney cells (HEK293T) and 

human liver cancer cells (Hep-G2) were investigated with regard to the cellular uptake. Hep-

G2 cells have been chosen based on their cholesterol recognition profile.249 

Polymer localization 

Already after one hour treatment with RhoB polymer dispersion (0.5 mg/mL), fluorescence 

signals inside human cells could be detected via fluorescence microscopy. RhoB polymer 

accumulates at the cellular plasma and nuclear membranes, within the cytoplasm and vesicular 

structures (Figure 5.4).  

 
 

Figure 5.4. Visualization of RhoB polymer inside human HEK293T and Hep-G2 cells using confocal fluorescence 

microscopy. 

It is worth to mention that RhoB polymer has not entered the nucleus, since nuclear pores 

usually exclude material sizes above 5 nm from penetrating the inner core.250 Longer exposure 

periods up to 48 hours lead to increased accumulated particles of the RhoB polymer.  

To analyze the potential cellular exit strategy of cellular released RhoB polymer into the outer 

environment, the culture medium RhoB incubated cells was frequently changed over three days. 

It was found that the polymer concentration was constant within the HEK293T and Hep-G2 

cells over this time denying this passive excretion pathway. It is worth to mention, that the cells 

were viable still after such long exposure time. 
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Uptake mechanism 

The cellular uptake of polymers was determined to be actively mediated by endocytosis by 

temperature variations (not shown here). In general endocytosis represents the major pathway 

for cellular polymer encapsulation.251, 252  

More specifically, the application of common inhibitors blocking different entering routes lead 

to conclusion that the RhoB polymer, at least partially, is internalized actively via clathrin- and 

caveolin/raft-dependent endocytosis (further details will be published and are not shown here). 

Intracellular distribution 

The fast movement of many vesicles inside the cells was recognized during confocal 

microscopy and investigated in further detail. The fluorescent objects were tracked and the 

mean squared displacements (MSDs) were calculated, plotted over time, and fitted to a power 

series function a*xb. Representative vesicle tracks are depicted in the SI part (SI-V, Figure S4). 

A quadratic correlations between MSD and time was found for most of the tracks pointing 

towards an active inner-cellular transport, since the MSD of Brownian diffusion linearly 

depends on time.253 The cellular transport of cargo along actin and microtubule filaments via 

motor proteins constitutes the most prominent active transport mechanism in cells. In more 

detail, Myosin travels alongside actin filaments and kinesin and dynein on microtubules with 

different velocities. Myosin was found to move on average with 0.05 to 0.3 µm s-1 (myosin VI) 

and 0.25 to 0.5 µm s-1 (myosin V),254-257 whereas dynein and kinesin are faster with velocities 

of 0.22 to 1.2 µm s-1 and 0.2 to 1.6 µm s-1,257-260 respectively. The calculation of RhoB polymer 

transport includes the average velocities of 20 tracks from moving particles per cell. The 

detected velocities of 1.38 ± 0.12 µm s-1 in HEK293T and 1.26 ± 0.10 µm s-1 in Hep-G2 cells 

are in good agreement with those of the actively transported substances alongside microtubules. 

Usually, anomalous or confined diffusion inside the cytoplasm of most internalized particles 

are actively transported on microtubules with velocities of up to 4 µm/s.253  

To conclude, the polymer particles were actively transported inside the living cells.  
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5.2.3 Intercellular cholesterol uptake of RhoB polymer 

Ultimately, the ability of the polymeric particles to absorb cholesterol inside living human cells 

was analyzed using boron-dipyrromethene difluoride (BODIPY), which is a tagged cholesterol 

fluorophore (Figure 5.2). Hereby, BODIPY-cholesterol served as FRET donor and RhoB 

polymer as FRET acceptor. When BODIPY-cholesterol is encapsulated within RhoB-polymer 

particles (the label is in the hydrophobic polymer segment), the distance (< 10 nm) of both 

fluorophores is supposed to be close enough to induce Förster resonance energy transfer 

(FRET).261 Two different cell lines (kidney and liver cells) were used to investigate the 

intracellular polymer interaction and the measured FRET activities unambiguously 

demonstrated the intracellular cholesterol uptake of the polymer particles, as discussed in the 

following.  

To analyze the polymers affinity to absorb cholesterol inside living cells, first fluorescence 

active BODIPY-cholesterol was fed to the human cells and internalized (Figure 5.5, A - green 

spots). Confocal fluorescence microscopy further illustrates the presence of red fluorescent 

RhoB polymer. FLIM microscopy images are color-coded and show high fluorescence lifetimes 

around 5.5 ns for all concentrations and incubation times tested (not shown here). This verifies 

the independence of the fluorescence lifetime on the fluorophores concentration. Similar 

fluorescence lifetimes have been measured by Wüstner et al.247 For dual labeling experiments, 

the cells were first treated with 5 µM BODIPY-cholesterol for 60 min followed by treatment 

with 0.5 mg/mL RhoB polymer for 60 min. As control, cells were treated with only BODIPY-

cholesterol or RhoB polymer or were not treated at all as reference. The presence of the correct 

fluorophores was assessed by confocal fluorescence microscopy (Figure 5.5, A).  

Fluorescence lifetime images of the donor BODIPY were acquired from the same samples 

(Figure 5.5, B). Untreated cells displayed very low fluorescence intensities resulting from 

cellular autofluorescence with a broad range of fluorescence lifetimes. A clear reduction of the 

fluorescence lifetime of BODIPY to ~4.7 ns is observed for cells that were additionally fed with 

the RhoB polymer. This enables FRET and thus unambiguously proves the uptake of BODIPY-

cholesterol by the polymer micelles of the RhoB polymer. 
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Figure 5.5. Confocal fluorescence microscopy (A) and fluorescence lifetime images (B) of BODIPY-cholesterol 

and RhoB polymer penetrated HEK293T and Hep-G2 cells after 60 min incubation time. 

To exclude unspecific interactions of BODIPY-cholesterol and RhoB as reason for reduced 

fluorescence lifetimes measured, FRET experiments were repeated by treating the cells with 

BODIPY-cholesterol and the free dye RhoB. As controls, cells were treated with only one 

component or with none of the fluorophores. Confocal fluorescence microscopy images 

demonstrate the presence and cellular distribution of employed fluorophores (not shown here). 
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RhoB is distributed in the whole cell, but reveals reduced fluorescence intensities compared to 

the RhoB polymer, although the fluorophore was used in similar amounts. The reason therefore 

might arise from the attenuated cellular permeability and thus the uptake of RhoB is reduced 

compared to the RhoB polymer possessing a much higher solubility.  

In addition, fluorescence lifetime images were acquired (not shown here) revealing a minor 

decrease in the fluorescence lifetimes (~5.4 ns) for the BODIPY-cholesterol treated cells in the 

presence of RhoB compared to reference (5.5 ns). This gives rise to the conclusion that no 

unspecific interaction between BODIPY-cholesterol and RhoB occurs, compared to the 

significant reduction of the fluorescence lifetime in the system of BODIPY-cholesterol and 

RhoB polymer (4.7 ns). 

Moreover, in order to assess the interaction of RhoB polymer and hydrophobic substances in 

general, BODIPY fluorophore instead of BODIPY cholesterol was used as representative of 

hydrophobic fluorophores (not shown here). Confocal fluorescence microscopy illustrates a 

similar cellular distribution and accumulation of BODIPY and BODIPY-cholesterol. The 

fluorescence lifetime of BODIPY without RhoB polymer in HEK293T and Hep-G2 cells was 

determined to 5.6 ns, as calculated from fluorescence lifetime images. The presence of the 

RhoB polymer beside the BODIPY significantly reduces the fluorescence lifetime to ~5.0 ns 

indicating FRET activity and thus suggesting that the polymer consumes the hydrophobic 

BODIPY as well, although to a lower extend than BODIPY-cholesterol. 

For quantification, all FLIM experiments were performed in biological triplicates and several 

cells were imaged in every experiment. The mean fluorescence lifetimes were calculated, 

averaged, and used to determine the apparent FRET efficiencies (Figure 5.6). 

 
 

Figure 5.6. FRET efficiencies of different pairs including RhoB polymer and BODIPY-cholesterol (dark grey 

bar), RhoB and BODIPY-cholesterol (grey bar) and RhoB polymer and BODIPY (bright grey bar). 

The FRET efficiencies are the highest when BODIPY-cholesterol and RhoB polymer are 

present in the cells (12.75 ± 0.58 % for HEK293T and 12.55 ± 0.67 % for Hep-G2 cells). By 
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treating the cells with RhoB instead of the RhoB polymer, FRET efficiencies are significantly 

lower compared to the presence of RhoB polymer (2.50 ± 0.62 % for HEK293T and 1.20 ± 

0.58 % for Hep-G2 cells). Finally, FRET efficiencies based on the interaction of BODIPY and 

the RhoB polymer were determined to 9.29 ± 0.91 % for HEK293T and 10.39 ± 0.75 % for 

Hep-G2 cells. This leads to the conclusion that RhoB polymer also takes up other hydrophobic 

molecules as shown for BODIPY, although to a lower extend than the target cholesterol. 

5.2.4 Conclusion 

In this section the polymer mPEG113-PGlu12-PLys11(Chol)1.5 was labeled with the fluorescence 

dye Rhodamine B. By using confocal fluorescence microscopy, the behavior of the 

fluorescence-modified polymer in living human kidney and liver cells was characterized. The 

RhoB polymer accumulates in the cellular cytoplasm over time and only slightly affects cellular 

viabilities. The cellular uptake mechanism was deciphered to be an active process, which at 

least to some extent occurs via clathrin- and caveolae/raft-dependent endocytosis. In addition, 

real-time imaging to track individual Rho B polymer particles suggests that these are actively 

transported in cells, most likely alongside the microtubules. Finally, FLIM-FRET microscopy 

was employed to investigate the uptake of cholesterol by the polymeric micelles. This required 

the usage of both a BODIPY-tagged cholesterol and the Rhodamine B-labeled polymer. Using 

fluorescence lifetime imaging microscope, Förster resonance energy transfer (FRET) from the 

donor fluorophore BODIPY to the acceptor fluorophore Rhodamine B could be detected inside 

single human cells. As Rhodamine B is located in the center of the micelles formed by the 

polymer, efficient FRET only occurs, if BODIPY-cholesterol is present within the micelles. 

Hence, these experiments indeed confirmed the ability of the Rhodamine B-labeled polymer to 

take up BODIPY cholesterol even in human cells. 
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5.3 In vivo biodistribution in mouse models 

The in vivo distribution studies of the polyoxazoline-based, amphiphilic diblock copolymer in 

mice have been designed and performed in close cooperation with Dr. Philipp Uhl from the 

Clinical Pharmacology Department of the University Hospital Heidelberg. The DOTA-polymer 

(DOTA0.75-PMeOx61-PBuOx11(Chol)2.6) was synthesized within this thesis and the radionuclide 

encapsulation as well as the in vivo scintigraphic studies in mice were executed in Heidelberg. 

5.3.1 Introduction 

The cyclic molecule N,N′,N″,N‴-tetraazacylododecane-1,4,7,10-tetraacetic acid (DOTA) 

chelates cations especially higher-valent metal ions. Hence, the DOTA pocket is frequently 

applied in several scientific fields, since radioactive isotops (radionuclides) can be attached to 

particular scaffolds. Such DOTA ligands are being applied as labels for protein 

quantification 262, as tags for bioassays 263, and especially as contrast agent 264. Furthermore, 

the strategy of using DOTA as chelating agents was adapted to study the in vivo distribution of 

pharmaceutical agents in anti-tumor therapy 265, 266 and as well as diagnostic method to identify 

atherosclerotic plaques 267. The biodistribution of polyoxazolines was assessed by Gaertner et 

al. who used watersoluble poly-2-methyl/ethyl-2-oxazoline complexes with DOTA ligands for 

the incorporation of the radionuclide 111Indium and studied the tissue distribution and excretion 

in mice.268 

In this project, the POx-based, amphiphilic diblock copolymer PMeOx-PBuOx(Chol) was 

equipped with a DOTA ligand for the incorporation of the radionuclide 177Lutetium. The 

biodistribution was studied by scintigraphy tracking the in vivo distribution of the radiolabeled 

complex in mouse models. 

5.3.2 Synthesis of the radiolabeled polymer 

To attach a radio-active marker to the polymers, the tetraxetan ligand (DOTA - 1,4,7,10-

Tetraazacyclododecane-1,4,7,10-tetraacetic acid) was introduced first on the terminal position, 

which is localized in the watersoluble corona of the self-assembled polymer particle. 

Afterwards, the radionuclide 177Lutetium was encapsulated into the DOTA ligand. 

I. Polymerization and DOTA functionalization 

A telechelic polyoxazoline was synthesized in a microwave (Figure 5.7), using established 

protocols described in chapter 3.4.3. The cationic ring opening polymerization of 2-(3-butenyl)-

2-ozaline was initiated by methyl triflate followed by the addition of the second monomer 2-

methyl-2-oxazoline prior to termination with BOC-piperazine (tert-Butyl piperazine-1-
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carboxylate). After cleaving the BOC protection group of the secondary amine, the DOTA 

ligand was attached via thiourea linkage using p-SCN-Bn-DOTA (S-2-(4-

Isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid).  

 

Figure 5.7. Synthesis of DOTA-functionalized amphiphilic polyoxazoline DOTA-PMeOx-PBuOx(Chol). 

Synthetic and analytical details are provided in the experimental part (5.3.5) and the supporting 

information (SI-V, figure S5 – S11). The synthetic progress was controlled by spectroscopic 

methods. NMR analysis of the polymerization product (Figure 5.8, A) reveals a defined singlet 

at 1.44 ppm with the integral of 7 corresponding to tertbutyl group of BOCPip, referenced to 

methyl initiator group (3H, 2.96 - 3.02 ppm). Thus, the polymer composition was estimated as 

BOCPip0.78-PMeOx61-PBuOx11 with the maximum capacity of 78 % per polymer chain for 

DOTA functionalization.  

Thiol-ene click reaction was used for cholesteryl attachment onto the olefin segment, as 

described above (section 3.4.4). NMR analysis suggests the presence of 2.6 added cholesteryl 

molecules based on the specific sterol signal of C18-methyl group (Figure 5.8, B, 11, 0.66 ppm, 

integral = 9). The BOC cleavage was confirmed by the absence of the corresponding singlet 

peak at 1.44 ppm (Figure 5.8, C).  

Finally, NMR analysis indicates the DOTA linkage based on the presence of the aromatic 

benzyl signals at 7.18 - 7.32 ppm (Figure 5.8, D). Using the endgroup reference, an integral 

area of 3 protons giving rise to the conclusion of 0.75 eq. terminal attached DOTA 

functionalities per chain.  
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Figure 5.8 Proton NMR analysis of BOCPip-PMeOx-PBuOx (A), BOCPip-PMeOx-PBuOx(Chol) (B), HN-

PMeOx-PBuOx(Chol) (C), and DOTA-PMeOx-PBuOx(Chol) (D). 

 

In addition, MALDI-TOF analyses (Figure 5.9) was performed revealing narrow molecular 

weight distributions and the stepwise but clear shifts towards higher molecular weights after 

the corresponding post functionalization modification of the polymer backbone. However, the 

maxima of each distribution are about 1000 g/mol smaller than calculated by NMR endgroup 

analysis.  
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Figure 5.9. Maldi-TOF spectra of Poly(2-(3-butenyl)-2-oxazoline)-block-poly(2-methyl-2-oxazoline)-N-tert.-

butyloxycarbonylpiperazine (BOCPip-PMeOx-PBuOx, bottom), Poly(2-(3-butenyl)-2-oxazoline)-(cholesterol)-

block-poly(2-methyl-2-oxazoline)-piperazine (HN-PMeOx-PBuOx(Chol), middle), Poly(2-(3-butenyl)-2-

oxazoline)-(cholesterol)-block-poly(2-methyl-2-oxazoline)-piperazine-thiourea-benzyl-1,4,7,10-tetraazacyclo-

dodecane tetraacetic acid (DOTA-PMeOx-PBuOx(Chol), top). 

 

Ultimately, the terminal DOTA-functionalized polymer was synthesized with the final 

composition of DOTA0.75-PMeOx61-PBuOx11(Chol)2.6. 
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II. Radionuclide encapsulation of 177 Lutetium 

To visualize the polymer particles in vivo, the radionuclide 177 Lutetium (177Lu) was utilized 

based on long half-time periods and the favorable complexation constant. The 177 Lutetium 

(III) was encapsulated into the DOTA ligand in aqueous sodium acetate buffer solution at 

pH = 5, according to common protocols.269 A solution of DOTA-polymer and 177LuCl3 was 

stirred at 95°C for 5 min and further stirred for two days at 37°C. The solution was purified by 

size exclusion chromatography over a NAP-5-column. Radio-HPLC analysis reveals the 

occurrence of two peaks at 1.97 and 2.02 minutes that are clearly shifted compared with the 

pure 177Lu3+ at 0.5 minutes (Figure 5.10). This strongly indicates the incorporation of the 

radionuclide into the DOTA ligand resulting in (177Lu)DOTA0.75-PMeOx61-PBuOx11(Chol)2.6, 

whereas non-bound 177Lu3+ was majorly removed by column chromatography. 

 

Figure 5.10. Radio-HPLC analysis of (177Lu3+)DOTA-PMeOx-PBuOx(Chol). Pure 177Lu is detected around 0.5 

min.  

 

5.3.3 In vivo distribution in mouse models 

As very first examination of the novel polymer types, the biodistribution of radiolabeled 

(177Lu)DOTA0.75-PMeOx61-PBuOx11(Chol)2.6 polymer particles was investigated in a mouse 

(SWISS (RjOrl:SWISS), female) over 150 min. The polymer solution (1 mg/mL, 100 µL) was 

injected into the blood circulation system via the tail vein and the biodistribution of radiolabeled 

polymer particles was tracked by scintigraphy, which is in principal a planar single photon 
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emission computed tomography (SPECT). The radiation intensity of the radionuclides is color-

coded, whereby the color gradient from blue over green to orange represent increasing 

concentrations. The scintigraphy in the first minutes (Figure 5.11) reveals significant 

radioactivity in the lungs, kidneys and liver (blue dots) but also in the bladder (green dots) 

(Figure 5.12). After 30-40 minutes, the presence of orange colors indicates extended 

concentration of the radionuclide in the bladder followed by subsequent decrease (60-70 min) 

until a complete vanishing after 150 min. In addition, radionuclide radiation in the lungs, liver 

and kidney alleviates within longer retention time compared to maximal intensity within the 

first 15 min. However, traces of radiation still occurs after 150 minutes. 

 

Figure 5.11. Scintigraphy at different time points after injection. Orange, green and blue colors represent major to 

minor accumulation of the radionuclide 177Lu. 

 

Figure 5.12. Biodistribution 15 min after injection. 

The scintigraphy reveals the remarkable accumulation of the polymer in the lungs, liver and 

spleen as well as the kidney and the bladder in the first 15 min after injection suggesting the 

blood transported biodistribution in the whole organism of the mouse. After longer retention 
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times, the polymer concentration in the bladder has been significantly increased until 

40 minutes followed by the subsequent reduction, whereas the particle accumulation in the 

periphery as well as in the organs has been continuously diminished. This unambiguously 

demonstrates that the polymer particles exit the mouse via the renal excretion pathway after 

populating the whole body. The residual radionuclide intensity in the lungs was unexpected, 

but might also arise from the dramatic intensity increase after most of the radionuclide has left 

the bladder compared to the background signal.  

Further experimental runs are currently being executed including three replicates and longer 

observation times over 150 min to evaluate if the residual polymer is still accumulated in the 

lungs or if it is further removed. As last resort, a removal of representative organs will clarify 

the arising queries. 

5.3.4 Conclusive summary 

This section includes the biodistribution of a polyoxazoline-based, amphiphilic diblock 

copolymer in mice monitored by scintigraphy. Therefore, the polymer was modified with a 

DOTA ligand and the radionuclide 177 Lutetium was successfully encapsulated. The radio-

active dispersion of self-assembled (177Lu)DOTA0.75-PMeOx61-PBuOx11(Chol)2.6 particle was 

injected into a (SWISS (RjOrl:SWISS), female) mouse. Scintigraphy over 150 min revealed 

the biodistribution in the whole body, in organs especially the lungs, and the major 

accumulation in the bladder within the first 40 minutes followed by the subsequent 

disappearance. This demonstrates the successful release of the polymer particles after a certain 

retention time in the body. Moreover, it is worth to mention that no obvious cytotoxic effects 

were observed, instead the mouse was alive and kicking after the polymer exposition without 

any obvious deficits such as agglutination in the lungs due to the local polymer accumulation. 

 

The mouse experiment has impressively demonstrated a further fundamental aspect of the 

concept including the possibility to exit the body using the renal excretion pathway.  

For further in-depth studies with respect to in vivo cholesterol uptake, solubilization of 

atherosclerotic plaques and the specific plaque regression, a promising collaboration has been 

established with the group of PD Dr. Ingo Hilgendorf from the University Heart Center 

Freiburg, Department of Cardiology and Angiology I. 
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5.3.5 Experimental Section 

The spectra are provided in the SI part (SI-V, figure S5-S11). 

I. Polymerization: BOCPip0.78-PMeOx61-PBuOx11 

The polymerization was proceeded under nitrogen atmosphere and all compounds were added in a 

glovebox to the microwave reactor and polymerized in synthetic microwave. As first block, 2-(3-

butenyl)-2-oxazoline (8 eq., 0.96 mmol, 0.12 mg) and 3 mL of acetonitrile were added into a flame-

dried microwave-reactor. After adding MeOTf initiator (1 eq., 0.12 mmol, 13.6 µL), the microwave-

reaction was heated up to 140 °C within 5 min and then stirred at 140 °C for 30 min. The mixture was 

cooled down to room temperature prior to the addition the second monomer (2-methyl-2-oxazoline, 

50 eq., 6 mmol, 0.51 mL) in the glovebox. The second block was polymerized by irradiating the reaction 

mixture with the same microwave conditions (30 min, 140°C). The polymerization was terminated with 

the addition of tert-Butyl piperazine-1-carboxylate (3 eq., 0.36 mmol, 72.1 mg) and further microwave 

irradiation (10 minutes, 140°C). The polymerization mixture was purified by dialysis against methanol 

and against dist. water (MWCO = 1000 g/mol). After freeze-drying, 345 mg of a colorless powder was 

obtained. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 5.83 (m, 10.2H, H6), 5.02 (m, 20.9H, H7), 3.46 (m, 

290H, H2-3), 3.02-2.96 (m, 3H, H1), 2.50-2.28 (m, 42H, H4-5), 2.17-2.06 (m, 183H, H8), and 1.44 (s, 7H, 

H9), MNMR = 6730 g/mol. MALDI-TOF: Mmax = 5900 g/mol. 

II. Cholesteryl functionalization: BOCPip0.78-PMeOx61-PBuOx11(Chol)2.6 

The polymer BOCPip-PMeOx-PBuOx (1 eq., 0.021 mmol, 144 mg), thio-cholesterol (4 eq., 0.085 

mmol, 34.3 mg) and 2,2-Dimethoxy-2-phenylacetophenone (DMPA) (0.1 eq., 2.1 µmol, 0.5 mg) were 

dissolved in anhydrous THF (3 mL) and anhydrous methanol (3 mL) under N2 atmosphere. The reaction 

mixture was stirred for 24 h under N2 and UV-irradiation (λ = 356nm) prior to dialysis against methanol 

and water (MWCO = 1000 g/mol). A colorless powder was obtained after freeze-drying (150 mg, 84 %). 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 5.83 (m, 10.2H, H6), 5.31 (s, 2.6H, H10), 5.02 (m, 20.9H, H7), 

3.46 (m, 290H, H2-3), 3.02-2.96 (m, 3H, H1), 2.50-2.28 (m, 42H, H4-5), 2.17-2.06 (m, 183H, H8), 1.44 (s, 

7H, H9), and 0.67 (s, 7.8H, H11), MNMR = 7770 g/mol.  

III. Deprotection: HN0.78-PMeOx61-PBuOx11(Chol)2.6 

The polymer BOCPip-PMeOx-PBuOx(Chol) (1 eq., 0.017 mmol, 140 mg) was dissolved in 

trifluoroacetic acid (2 mL) and dichloromethane (20 mL) and stirred for 2.5 h. The reaction mixture was 

dropped to 200 mL diethylether and the precipitate was isolated by centrifugation. The 

yellowish/greyisch solid was dissolved in 30 mL water, pH was neutralized with NaOH and purified by 

dialysis against water (MWCO = 1000 g/mol). A colorless powder was obtained after freeze-drying (80 

mg, 56 %). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 5.83 (m, 10.2H, H6), 5.31 (s, 2.6H, H10), 5.02 (m, 

20.9H, H7), 3.46 (m, 290H, H2-3), 3.02-2.96 (m, 3H, H1), 2.50-2.28 (m, 42H, H4-5), 2.17-2.06 (m, 183H, 

H8), and 0.67 (s, 7.8H, H11), MNMR = 7670 g/mol. MALDI-TOF: Mmax = 6800 g/mol. 

IV. DOTA functionalization: DOTA0.75-PMeOx61-PBuOx11(Chol)2.6 

The polymer HN-PMeOx-PBuOx(Chol) (1 eq., 0.005 mmol, 35 mg), S-2-(4-Isothiocyanatobenzyl)-

1,4,7,10-tetraazacyclododecane tetraacetic acid (2 eq., 0.010 mmol, 7.1 mg) and potassium carbonate 

(25 mg) was dissolved in dry methanol (1 mL) and stirred for 14 days. The reaction mixture dialysis 

against water (MWCO = 3500 g/mol). A colorless powder was obtained after freeze-drying (15 mg, 

40 %). 1H-NMR (400 MHz, MeOD): δ (ppm) = 7.32-7.17 (m, 3H, H13+13’), 5.83 (m, 10.2H, H6), 5.31 

(s, 2.6H, H10), 5.02 (m, 20.9H, H7), 3.46 (m, 290H, H2-3), 3.02-2.96 (m, 3H, H1), 2.50-2.28 (m, 42H, H4-

5), 2.17-2.06 (m, 183H, H8), and 0.67 (s, 7.8H, H11), MNMR = 8360 g/mol. MALDI-TOF: Mmax = 7600 

g/mol. 
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V. Radiolabeling: (177Lu)DOTA0.75-PMeOx61-PBuOx11(Chol)2.6 

1 µL of the DOTA-polymer solution (1 mmol DOTA0.75-PMeOx61-PBuOx11(Chol)2.6 in H2O) was added 

to 1 µL aqueous ascorbic acid (20 %), 25 µL sodium acetate buffer (pH = 5) and diluted with 73 µL 

water. After adding 0.04 M aqueous HCl solution of 177LuCl3 (3495 GBq/mg), the solution was heated 

to 95°C for 5 min and stirred further at 37°C for 48 h. The mixture was purified by Sephadex G-25 

column chromatography (NAPTM-5 column). The purity of the radiolabeled compound was determined 

by radio-HPLC (Agilent 1100 series) using a Chromolith® Performance RP-18e, 100–3 mm column 

applying a linear gradient of 0.1% TFA in water (eluent A) to 0.1% TFA in acetonitrile (eluent B) within 

5 min; flow rate 2 mL/min; UV absorbance λ = 214 nm; γ-detection. Radio-HPLC: VEl = 1.99-2.05 

min 

VI. Biodistribution  

100 µL samples of an aqueous dispersion of (177Lu)DOTA0.75-PMeOx61-PBuOx11(Chol)2.6 (1 mg/mL) 

were injected into tail vein of female SWISS (RjOrl:SWISS) mouse (n = 1) and the biodistribution of 

radiolabeled polymer particles was tracked by counting the intensity of radioactive radiation over 150 

minutes post administration via SPECT. 
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5.4 Conclusive summary of Chapter 5 

This chapter describes the interaction of specific multifunctional block copolymers with 

biological environments.  

As a first indicator, cytotoxicity assays against human renal cells reveal the viability and no 

death of the cells after exposure to different PEG-peptide and polyoxazoline structures giving 

rise to the conclusion that none of the applied polymers are toxic under the adjusted conditions.  

The behavior of the fluorescence-tagged PEG-peptide mPEG-PGlu12-PLys11(Chol)1.5(RhoB) 

was studied in detail in the presence of living kidney and liver cells by fluorescence microscopic 

analysis. The polymer particles most likely enter the living cells by clathrin- and caveolae/raft-

dependent endocytosis, which is the common mechanism when cells actively incorporate 

substances such as nutrition molecules. Inside the cells, the polymer particles do not enter the 

cell cores and they probably move via the microtubule system, which is the active transportation 

system of the cells, and not by diffusion. After adding fluorescent BODIPY cholesterol, the 

intracellular cholesterol uptake by the polymer was demonstrated by FLIM-FRET technique. 

This is the first unambiguous evidence that the polymer solubilizes hydrophobic cholesterol 

crystals in a real biological environment as well.  

The biodistribution of the radiolabeled, amphiphilic polyoxazoline (177Lu)DOTA0.75-PMeOx61-

PBuOx11(Chol)2.6 was investigated in a mouse model. The scintigraphic studies reveal the 

in vivo distribution of the polymer particles in the entire periphery but especially depict polymer 

accumulations with higher concentrations in the lungs, spleen, blood and kidney in the first 15 

minutes after injection. After 30 minutes, most of the polymer has been accumulated in the 

bladder and disappeared after 150 minutes giving rise to the conclusion that the injected 

polymer particles populate the entire body prior to exit the body using the renal pathway. This 

is no evidence for the endogenous cholesterol uptake, however, the in vivo models have 

remarkably demonstrated the proof of concept of the approach regarding the way out of the 

body. 
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CHAPTER 6 -  Modular ‘tool-kit’ by orthogonal modification 

6.1 Overview 

Post polymerization modification (PPM) represents a valuable toolbox for the chemoselective 

introduction of chemical functionalities onto pendent anchor entities without affecting other 

reactive sites and thus to obtain specifically modified substances.191 On the one hand, those 

post-installed functional groups are often not compatible with the polymerization conditions. 

On the other hand, PPM represents a smart pathway to create new compounds with many 

different chemical functions of one and the same starting material forming a comparable library. 

Various chemoselective reactions for post-functionalization are depicted in the following 

overview (Figure 6.1). 

 
Figure 6.1. Overview of various strategies for post-polymerization modification including many pendent anchor 

functionalities and the required corresponding chemical functional group. Reprinted with the permission of Wiley 

Online Library/ John Wiley and Sons.192 
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Orthogonal post polymerization modification significantly restricts the choice of compatible 

systems, since interactions between the reactive centers are unapproved. Possible functionality-

tolerant pairs are represented by copper mediated azide-alkyne coupling (CuAAC) and thiol-

ene click reaction. Here, orthogonality is only guaranteed in the sequence applying the alkyne-

azide cycloaddition first, since thiols react with alkynes as well forming 1,2-bisthioethers.270 

The development of those two click reactions was an immense milestone for the 

implementation of versatile post polymerization reactions since the 1990s.192 Especially high 

yields, high tolerances of chemical functionalities and moderate reaction conditions in aqueous 

and in organic media constitute attractive frame conditions for a broad field of interdisciplinary 

applications including organic chemistry, material science, protein biology, etc.195  

The advantages of both reactions have been combined into the orthogonal post polymerization 

modification of alkyne and olefin containing polyoxazolines. The first pair has been developed 

in this thesis including the azide-alkyne coupling and the photochemical thiol-ene click reaction 

(Figure 6.2). A selection of small molecules was synthesized and introduced onto the polymer 

backbone via PPM reactions. Thus, a toolbox of functionalized polymers was obtained, which 

can be applied to specific systems of inorganic particles. 

 

 

Figure 6.2. Orthogonal post polymerization modification of polyoxazoline triblock copolymers with separated 

alkyne and olefin segments via copper catalyzed alkyne azide coupling and thiol-ene click reaction. 
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The second pair concerns the palladium(0) catalyzed C-C cross coupling reaction of the alkyne 

and olefin segment, respectively (Figure 6.3). The development of orthogonal palladium(0) 

mediated C-C cross-coupling of alkyne-halide (Sonogashira coupling) and olefin-halide (Heck 

coupling) has been revealing promising first results of this work but is still in the embryonic 

stage.  

 
Figure 6.3. Palladium (0) catalysed C-C cross coupling for post polymerization modification of alkyne and olefin 

segments. 

A further orthogonal strategy is introduced in the scheme below (Figure 6.4) including the 

epoxidation reaction of covalently attached hydroxyl groups (e.g. introduced by thiol-ene 

reaction of pendent olefins with alkoxy-thiols) by using epichlorohydrin. The polymer attached 

epoxide is stable under moderate conditions but sensitive towards nucleophilic amines opening 

the broad range of commercially available molecules with amine functionalities. 

 

Figure 6.4. Pathway for wide possibilities for post polymerization modification using nucleophilic amines. 

Further, the terminal epoxy group attaches to hydroxyl functions qualifying the polymers to 

address surface modification of hydroxyl surfaces such as glass, ceramics, etc. This pathway 

includes the potential for the ‘universal tool-kit’ for desired polymer modification, but has not 

been developed yet. 
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6.2 Synthesis 

A variety of different compatible small molecules with thiol and azide functionalities was 

synthesized, which were attached to the polymer backbone by post polymerization modification 

to specifically functionalize the alkyne and olefin segments via orthogonal reactions.  

6.2.1 Small molecules 

To systematically post functionalize the alkyne and olefin segment of the polymer separately, 

various low molecular weight derivatives of azides and thiols have been synthesized bearing 

specific chemical functional groups (FG) to adjust the properties of the polymer or to introduce 

“gluing units”, which interact with specific substrates. 

I. Azides 

Azides are accessible in substitution reactions of the corresponding bromide in the presence of 

sodium azide. Except for the explosive potential of azides, especially if the nitrogen to carbon 

content is high, the synthesis proceeds fast and under moderate conditions. The following azide 

bearing molecules such as 6-azido-hexanoic acid, 6-azido-hexanol, 3-azido-propyl amine and 

3-azido-propyl thiourea Rhodamine B were successfully synthesized from the starting materials 

6-bromo-hexanoic acid, 6-bromo-hexanol, 3-bromo-propyl amine and Rhodamine B 

thioisocyanate (Figure 6.5) and obtained as colorless liquids or as a pink solid (RhoB-azide), 

respectively (SI-VI, figure S1-S7).  

 

Figure 6.5. Applied azides for copper-catalyzed alkyne-azide click reactions. 

Proton NMR analyses reveal the high purities of the synthesized carboxylate, hydroxyl and 

amine azides (Figure 6.6, A-C). RhoB-azide still contains impurities of non-separated side-
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product (Figure 6.6, D), which presumably will not impair the CuAAC-mediated PPM and will 

be removed by purification via dialysis. Further analytical data is provided in the SI section (SI-

VI, figure S1-S7). 

 
Figure 6.6. Proton NMR (400MHz) analysis of the synthesized azides. A) Azido hexanoic acid in CDCl3. B) 

Azido hexanol in CDCl3. C) Azido propyl amine in CDCl3. D) Azido propyl amine Rhodamine B in MeOD. 

 

II. Thiols 

The synthetic endeavors of small molecular thiols are more elaborated comparing with the 

synthesis of small molecular weight azides. Following thiols have been synthesized with 

incorporated specific FG, such as catechols and sulfur (Figure 6.7, SI-VI, figure S8-S11), 

whereas thiol compounds of carboxylates, alkoxysilanes and amines are commercially 

available. 
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Figure 6.7. Retrosynthesis of thiol molecules synthesized for thiol-ene click reactions. 

3-mercaptopropionic acid, (3-mercaptopropyl)trimethoxysilane and cysteamine are 

commercially available and are used without further purification. The mercapto-catechol 

derivate was synthesized by amine-thiol conversion of dopamine using 2-iminothiolane 

(Traut’s reagent) at 70°C and pH = 9. The mercapto-catechol (N-(3,4-dihydroxyphenethyl)-4-

mercaptobutanimidamide) was extracted with chloroform and obtained as a yellowish solid. 

NMR spectral analysis reveals the successful conversion and the presence of thio-

functionalized catechol (Figure 6.8), as identified according to the publication of Rohrer et al.271  

 

Figure 6.8. Proton NMR spectral analysis (left) and GC mass spectroscopy (right) of N-(3,4-dihydroxyphenethyl)-

4-mercaptobutanimidamide.  
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The additional NMR signals at 1.87, 2.30 and 2.49 ppm point towards the presence of a second 

species, which might be the disubstituted byproduct (Figure 6.8). This is presumably caused by 

the reaction of the catechol-OH with the Traut’s reagents, since hydroxyl groups are 

nucleophilic as well. Nevertheless, NMR compositional analysis suggests the weight content 

of the targeted mercapto-catechol of 66 %.  

In order to achieve favorable gold-sulfur bonds, a thioester containing molecule was 

synthesized by unilateral acetylation of 1,8-dimercaptooctane by microwave-assisted synthesis 

at 160°C in the presence of acetic acid anhydrite coated silica gel support to obtain S-(8-

mercaptooctyl) ethanethioate.272 Hereby, increased microwave reaction time was found to 

increase the degree of acetylation (5 min: 2 %; 20 min: 14 % and 60 min: 63 %) according to 

NMR signals. The final liquid product was synthesized under microwave irradiation for 60 min 

and analyzed by proton NMR (Figure 6.9) suggesting the mixture of 73 % monoacetylated and 

27 % diacetylated thioesters. A similar ratio of two species was determined by GC mass 

spectroscopy (Figure 6.9). The liquid product mixture was not further purified, since the 

diacetylated thioester does not affect the 2.PPM and dialysis purification removes the side 

product. 

 

Figure 6.9. Proton NMR spectral analysis (left) and GC mass spectroscopy (right) of acetylated 1,8-

dimercaptooctane.  

Further analytical data is provided in the SI section (SI-VI, figure S7-S11). 
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6.2.2 Polymerization 

The synthesis of the triblock copolymers PMeOx-PPynOx-PBuOx was described in chapter 

3.4.3, Table 3.6. The polymers P1: PMeOx46-PynOx11-PBuOx11 (Table 3.6, entry 12), P2: 

PMeOx50-PynOx9-PBuOx9 (Table 3.6, entry 13) and P3: PMeOx51-PynOx34-PBuOx12 (Table 

3.6, entry 14) were used for post polymerization modification (SI-VI, figure S12-S17). 

 

6.2.3 Copper catalyzed alkyne-azide click reaction (CuAAC) 

Since thiols and alkynes react as well,203 the alkyne segment was first modified with different 

functional groups (FG) by CuAAC (SI-VI, figure S18-S21). As first post polymerization 

modification (1.PPM), the alkyne azide coupling reaction was performed on the triblock 

copolymer PMeOx51-PPynOx34-PBuOx12 (P3) and resp. PMeOx50-PPynOx9-PBuOx9 (P2) as 

described elsewhere.168 In brief, PMeOx51-PPynOx34-PBuOx12 (Table 3.6), 6-azido-hexanoic 

acid, 6-azido-hexanol, 3-azido-propyl amine and 3-azido-propyl-thiourea-Rhodamine B (N3-

RhoB), respectively, were dissolved in a water/tert-butanol mixture with the stoichiometric 

ratios [C≡C]/[N3]/[CuII] of 1 : 1.5 : 0.06. Copper (II) sulfate was added and reduced in situ to 

the catalytic-active copper (I) species in the presence of sodium ascorbate. After stirring for 3-

4 days, EDTA was added to the greenish mixture in order to complex the residual copper ions 

prior to removal by dialysis against NaCl solution and later water yielding colorless powders 

after lyophilization. 

I. Backbone PMeOx51-PPynOx31-PBuOx12 (P3) 

After the click-reactions, a pink solid of Rhodamine B (RhoB)-labeled triblock copolymer and 

colorless solids of all other polymers were obtained after lyophilization and characterized by 

1H-NMR spectral analysis (Figure 6.10). The NMR spectral analysis indicates the conversion 

of the click reaction by the presence of 1,2,3-triazole proton at 7.8 ppm (11) and the neighbor 

methylene group at 4.4 ppm (12). Hence, functionalized polymers were obtained with the 

composition of PMeOx51-PPynOx34(OH)31-PBuOx12 and PMeOx51-PPynOx34(COOH)25-

PBuOx12 and a degree of functionalization of the inner poly-alkyne segment of 91 % and 74 %, 

respectively. Unfortunately, the amine functionalized triblock copolymer is poorly soluble in 

common solvents, especially deuterated solvents (D2O, D2O + NaOH, MeOD, CDCl3, d6-

DMSO, TFA-d), and thus, the concentration is not enough for a good NMR resolution. The 

amount of covalently attached positively charged amine groups is presumably too high and 

results in instable precipitates. On the other hand, the degree of RhoB functionalization is 

relatively low. 1.5 eq. of 7.8 eq. available RhoB-azide molecules were covalently-linked to the 
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polymer backbone resulting in a polymer composition of PMeOx51-PPynOx34(RhoB)1.5-

PBuOx12. The hampered modification is supposed to originate from the poor water solubility 

of the RhoB molecules, which is crucial to react with the copper (I) species in order to mediate 

the CuAAC. Nevertheless, the qualitative labeling was successful with a 20 % conversion. 

 

Figure 6.10. Proton NMR compositional analysis of hydroxyl- (A), carboxylate (B), amine (C) and Rhodamine B 

(D) post-functionalized polyoxazoline triblock copolymers. 

In addition, Fourier-transformed IR analysis was applied to determine the amine-

functionalization (Figure 6.11, orange line). The occurrence of 1,2,3-triazole vibrational bands 

at 2981 cm-1 and 2889 cm-1 underscores the presence of the CuAAC coupling product, and thus, 

the amine introduction to the polymer backbone. However, the vibrational bands of methylene 

groups occur into the same region around 1850 and 1950 cm-1. Moreover, the N-H out-of-plane 

vibration at 800 cm-1 and νN-H stretching vibration at 3240 and 3440 cm-1 represent a further 

hint about the amine presence. The carboxylate and hydroxyl functionalized polymers have the 

1,2,3 triazole band vibration and the methylene groups vibration as well between 1850 and 1990 



Synthesis 

 228 

Modular ‘tool-kit’ by orthogonal modification 

cm-1 and thus the introduction of those chemical functions onto the triblock copolymer is 

additionally confirmed by IR spectroscopy. Moreover, the signal 1722 cm-1 (blue line) arises 

from terminal carboxylic acids.273 The νO-H stretching vibration at 3300 cm-1 (red line) might 

be covered by water vibration (around 3500 cm-1). 

 

Figure 6.11. ATR-IR analysis of carboxylate (blue line), hydroxyl (red line) and amine (orange line) post-

functionalized polyoxazoline triblock copolymers via alkyne azide cycloaddition. The IR spectrum of the polymer 

backbone (PMeOx51-PPynOx34-PBuOx11.5) is also provided as reference (black line). 

II. Backbone PMeOx50-PPynOx9-PBuOx9 (P2) 

Since the high degree of amine functionalization is supposed to destabilize the polymer chains, 

another polymer backbone PMeOx50-PPynOx9-PBuOx9 with significantly shorter alkyne 

segment (9 vs 34 units) has been synthesized (Table 3.6), which was amine-functionalized by 

CuAAC. Proton NMR spectral analysis (Figure 6.12, A) indicates the polymer composition 

PMeOx50-PPynOx9(NH2)7-PBuOx9 with seven covalently attached amine molecules. ATR-IR 

spectroscopy (Figure 6.12, B) demonstrates 1,2,3-triazole and methylene vibrational bands 

(2981 cm-1 and 2889 cm-1) as well as amine signals (800, 3240, 3440 cm-1) suggesting the 

presence of the CuAAC coupling product, and hence, amine functionalized polymer. 
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Figure 6.12. Proton NMR (A) and ATR-IR (B) analysis of amine post-functionalized polyoxazoline triblock 

copolymers (PMeOx50-PPynOx9(NH2)7-PBuOx9) via alkyne azide cycloaddition.  

 

6.2.4 Thiol-ene click reaction 

After alkyne-functionalization, the second post polymerization modifications (2.PPM) of the 

olefin-segments were proceeded by UV-mediated click reaction applying small thiol molecules 

such as thiol-silane ((3-mercaptopropyl)trimethoxysilane), thiol-acid (3-mercaptopropionic 

acid), thiol-catechol (N-(3,4-dihydroxyphenethyl)-4-mercaptobutanimidamide), thiol-thioester 

(S-(8-mercaptooctyl)-ethanethioate) and thio-amine (cysteamine). The reaction mixture of 

thiols and polymers (PMeOx-PPynOx(FG)-PBuOx) in anhydrous methanol was stirred for two 

days in nitrogen atmosphere under UV irradiation (λ = 250 nm) and in the presence the 

photoinitiator 2,2-Dimethoxy-2-phenylacetophenone, as described by Schlaad and 

coworkers.167 The polymers were purified by exhaustive dialysis against methanol and water 

stepwise (spectra pore 6, MWCO = 1000 g/mol) and were obtained as powders after 

lyophilization. The crude reaction mixture of the trimethoxysilane-functionalized polymer was 

not dialyzed, as the gradual presence of water triggers hydrolysis and condensation, and thus, 

the formation of silica particles is induces via Stöber process.274 

The thiol-linkage onto polymer backbone by second PPM was controlled by NMR and IR 

analysis (SI-VI, figure S22-S27). NMR spectral analyses demonstrated the presence of attached 

thiols based on both the complete vanishing of olefin signals (5.07 and 5.89 ppm) (Figure 6.13, 

A and B) or at least the reduction (Figure 6.13, C and D) and the presence of FG specific proton 

signals, for instance, of the methylene group (H18) in proximity to the thioether function. 

Moreover, the proton signals H18 at 2.77 ppm (A), H26 at 2.31 ppm (B), H23 at 6.52-6.67 ppm 

(C) and H18’ at 2.90 ppm (D) confirm the introduction of carboxylates, thioesters, catechols 



Synthesis 

 230 

Modular ‘tool-kit’ by orthogonal modification 

and silanes. Therefore, the polymer composition was estimated by NMR compositional analysis 

suggesting quantitative post functionalization of carboxylates and thioesters and the resulting 

polymer architectures PMeOx51-PPynOx34(OH)31-PBuOx12(COOH)12 and PMeOx51-

PPynOx34(OH)31-PBuOx12(SAc)12. 

On the other hand, the 2.PPM with thio-silanes and thio-catechols was not quantitative, but 

however, significant amounts of FG were attached to the polymer backbone. Two polymers 

were obtained with the composition PMeOx46-PPynOx11(COOH)11-PBuOx11(SiOMe3)6 and 

PMeOx51-PPynOx34(OH)31-PBuOx12(Cat)2. Since the thio-silane modified polymer could not 

be further purified without inducing the hydrolysis of the alkoxysilanes, small amounts of the 

thiol-silane starting material is still present in the product mixture.  

 

Figure 6.13. Proton NMR compositional analysis of introduced chemical functionalities by thiol-ene click reaction 

in the second post functionalization modification of polyoxazoline triblock copolymers. 
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Moreover, ATR-IR spectroscopy reveal the vibrational bands at 1690 cm-1 (Figure 6.14, red 

line) and 1720 cm-1 (Figure 6.14, purple line) corresponding to carbonyl vibration modes of the 

thioesters (SAc) and carboxylates (COOH), respectively.275 Group vibrations at 1550 and 

1620 cm-1 (Figure 6.14, black line) might originate from ring vibration of tri-substituted 

benzene suggesting the presence of catechol. Vibrational bands at 816 and 953 cm-1 (Figure 

6.14, orange line) are characteristic for alkoxysilane vibrations confirming the silane attachment 

onto the polymer backbone.276 However, the modes at 919 and 1010 cm-1 strongly point towards 

the partial hydrolysis of trimethoxy silane under silica formation (see section 6.3.3, p.234). 

 

Figure 6.14. ATR-IR analysis of second post polymerization modification (2.PPM) by thiol-ene click reaction for 

the introduction of alkoxysilanes (orange), carboxylates (purple), catechols (black) and sulfur (red) functionalities. 

The first bracket indicates the introduced FG via 1.PPM. 
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6.2.5 Palladium(0) catalyzed C-C cross coupling 

Similar to Huisgen couplings, palladium catalyzed coupling reactions offer great opportunities 

for orthogonal functionalization as they can be used to selectively target triple or double bonds, 

depending on the reaction conditions. For a proof of principle, the Sonogashira and Heck 

coupling reactions were performed on polyoxazoline polymers with alkyne and olefin 

segments. 

Sonogashira coupling reaction 

 

Figure 6.15. Palladium(0) catalyzed C-C cross-coupling reaction (Sonogashira) between alkynes and iodids. 

 

First, the Sonogashira coupling reaction between an aromatic halide and the polyoxazoline 

PMeOx50-PPynOx9-PBuOx9 was tested (Figure 6.15), as described by the group of Onimura.277 

para-iodo trifluorotoluene was used since this molecule has clear und unmasked NMR signals 

of the proton and flour atoms. Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) and 

copper(I) iodide (CuI) was added to a solution of the polymer, the halide and 

triphenylphosphine in anhydrous acetonitrile and triethylamine and stirred for 3 weeks at room 

temperature under N2-atmosphere. Filtration of the reaction mixture and stepwise dialysis 

against chloroform, methanol and water yielded pale-brownish powder after lyophilization.  

The conversion of the coupling reaction was monitored by proton NMR analysis by taking 

aliquots after day 8, 11 and 21 and of the final isolated powder after dialysis (Figure 6.16).The 

two doublets of para-iodo trifluorotoluene (marked in grey) at 7.4 and 7.7 ppm decrease over 

the reaction time and disappear after dialysis. Simultaneously, new signals appear in the range 

between 7.44 and 7.78 ppm, which are still present after dialysis. This suggests the development 

of a new aromatic species upon the reduction of the iodo-derivate, which is potentially the 

targeted phenylacetylene functionality (marked in green). Moreover, the corresponding signals 

of triphenylphosphine (marked in pink) disappear as well after dialysis.  
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Figure 6.16. Proton NMR analysis of the isolated Sonogashira reaction product. 

Unfortunately, the integration of the NMR signals did not reveal reliable values, and thus, the 

conversion of the Sonogashira coupling reaction and furthermore the degree of 

functionalization could not be quantified. However, the weak evidences suggest that the 

palladium catalyzed C-C cross coupling seems to work. 

Heck coupling reaction 

 

Figure 6.17. Palladium(0) catalyzed C-C cross-coupling reaction (Heck) between olefins and iodides. 

The palladium (0) catalyzed Heck coupling reaction was performed to modify the olefin 

segment of PMeOx57-PBuOx8 with methyl-4-iodobenzoate (Figure 6.17) according to the 

protocol of Ogino et al.278 Therefore, Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) 

was added to a solution of the polymer, the halide and triphenylphosphine in anhydrous 

acetonitrile and triethylamine. The mixture was stirred for 2 hours under microwave irradiation 

at 140°C under N2-atmosphere prior to the stepwise dialysis against acetonitrile and water. A 

brown powder was obtained after lyophilization. The product was analyzed by NMR 

spectroscopy revealing a broad peak at 6.44 ppm of 3 protons, which potentially corresponds 
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to the vinyl proton H7’ (Figure 6.18). In addition, several new proton signals occur at 3.93 

(integral 9), 7.44 (integral 15) and 7.92-8.11 (integral 11.5), which might correspond to the 

methyl group (3.93 ppm, 9’) and the aromatic ring protons (7.44 ppm, 8’) of the benzoate-

functionalized polymer. Furthermore, the presence of the halide starting material at 7.70 and 

3.89 ppm as well as small amounts of non-removed triphenylphosphine at 7.38 ppm (Figure 

6.18).  

 

Figure 6.18. Proton NMR compositional analysis of the Heck coupling product of PMeOx57-PBuOx8 with methyl-

4-iodobenzoate (A) and in comparison with the halide starting material (B). 

Proton NMR suggested the attachment of three benzoate molecules to the polymer backbone 

resulting in a polymer composition of PMeOx57-PBuOx8(benzoate)3. However, further 

analytics to fully characterize and prove the linkage via Heck coupling is still required. 
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6.2.6 Synthesized triblock copolymers 

A ‘toolbox’ of multifunctional block copolymers with separated segments of different pendent 

chemical functionalities was synthesized via orthogonal post polymerization modification 

(Table 6.1). Further analytical data is provided in the SI section (SI-VI, figure S22-S27). 

Table 6.1. Overview of multifunctional block copolymers and the application in colloidal systems. 
 

Entry Polymer [a] PPM [b] component 

 

watersoluble – hydroxyl groups –  binding groups 

     PMeOx51    -  PPynOx34(OH)31    -    PBuOx12 1 N3-(CH2)6OH 

     PMeOx51    -  PPynOx34(OH)31    -    PBuOx12(COOH)12 2 thiol-acid 

     PMeOx51    -  PPynOx34(OH)31    -    PBuOx12(SAc)12 2 thiol-thioester 

     PMeOx51    -  PPynOx34(OH)31    -    PBuOx12(Cat)2 2 thiol-catechol 

     PMeOx51    -  PPynOx34(OH)31    -    PBuOx12(SiOMe)12 2 thiol-silane 

     PMeOx51    -  PPynOx34(OH)31    -    PBuOx12(NH2)0 2 cysteamine 

watersoluble –  negative charges    –  binding groups 
     PMeOx46    -  PPynOx11(COOH)11 -     PBuOx11 1 N3-(CH2)5COOH 

     PMeOx46    -  PPynOx11(COOH)11 -     PBuOx11(SiOMe)6 2 thiol-silane 

     PMeOx51    -  PPynOx34(COOH)25 -     PBuOx12 1 N3-(CH2)5COOH 

     PMeOx51    -  PPynOx34(COOH)25 -     PBuOx12(SiOMe)12 2 thiol-silane 

     PMeOx51    -  PPynOx34(COOH)25 -     PBuOx12(NH2)1 2 cysteamine 

     PMeOx51    -  PPynOx34(COOH)25 -     PBuOx12(SAc)12 2 thiol-thioester 

watersoluble – positive charges – binding groups 
     PMeOx50     -  PPynOx9(NH2)7   -   PBuOx9 1 N3-(CH2)3-NH2 

     PMeOx50     -  PPynOx9(NH2)7   -   PBuOx9(COOH)0 2 thiol-acid 

     PMeOx50     -  PPynOx9(NH2)7   -   PBuOx9(SiOMe)0 2 thiol-silane 

     PMeOx50     -  PPynOx9(NH2)7   -   PBuOx9(SAc)0 2 thiol-thioester 

watersoluble – positive charges – T-switchable – binding groups 
     PMeOx56    -  PPynOx11(NH2)7.5   -   PnPrOx21      -  PBuOx5 1 azide-amine 

     PMeOx56    -  PPynOx11(NH2)7.5   -   PnPrOx21      -    PBuOx5(SiOMe)0 2 thiol-thioester 

     PMeOx56    -  PPynOx11(NH2)7.5   -   PnPrOx21      -  PBuOx5(SAc)0 2 thiol-thioester 

1.PPM polymers 
     PMeOx51-PPynOx34(RhoB)1.5-PBuOx12 1 N3-RhoB 

     PMeOx51-PPynOx34(NH2)x-PBuOx12 1 N3-(CH2)3NH2 

     PMeOx56-PPynOx11(COOMe)3.5-PnPrOx21-PBuOx5 1 N3-(CH2)5COOMe 

     PMeOx54-P[nPrOx25(COOMe)2-co-PynOx7]stat-PBuOx5 1 N3-(CH2)5COOMe 

     PMeOx54-P[nPrOx25(NH2)4-co-PynOx7]stat-PBuOx5 1 N3-(CH2)3NH2 

     PMeOx50-PPynOx9(Aryl)-PBuOx9 1 p-CF3-Iodbenzene 

     PMeOx57-PBuOx8(Benzoate) 1 methyl-4-iodobenzoate 

[a] 1H-NMR compositional analysis. [b] Number of orthogonal post polymerization modification (ppm).  
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Unfortunately, some polymers have the subscript 0, which represents zero attached molecules 

and thus unsuccessful functionalization in the applied PPM reaction. As the lamp got a defect, 

the UV energy might not have been intense enough to achieve radical formation by thiol bond 

splitting, but at least, non-reacted polymer backbones were recovered in high purity after 

dialysis. 

 

6.3 Surface modification of specific nanoparticle systems 

The specifically post-functionalized block copolymers were applied to different nanoparticle 

systems (gold, iron oxide, silica) with the aim to bind to the surface in terms of stabilization 

and furthermore, to introduce desired chemical functions the particles surfaces such as charges, 

hydroxyl groups, fluorescence, etc. 

 

6.3.1 Gold nanoparticles 

Gold nanoparticles (AuNPs) are used in a wide range of applications including catalysis, opto-

electronics, photonics, surface-enhanced Raman scattering (SERS), biological labelling, and 

drug delivery.279 It is well-known, that changes in morphology, crystalline structure and surface 

functionalization remarkably impact the properties and performances of AuNPs.280 The AuNPs 

habitus can be controlled over the synthetic pathway, e.g. by seed-mediated synthesis, opening 

the morphological landscape of spheres, rods, cubes, triangles, stars and every possibly 

intermediate species with varying truncation degree of specific crystal lattices.281 Usually, 

AuNPs are stabilized with CTAB/C (cetyltrimethylammonium bromide/chloride), resulting in 

single crystalline gold particles with a tightly packed CTAB/C bilayer. However, CTAB is not 

biocompatible, and furthermore, insoluble in common nonpolar solvents, which is important 

for the post-modification of the gold surface with water-insoluble molecules or for the 

formation of AuNP superstructures, for instance. To address this problem, the surfactant needs 

to be substituted by other suitable capping agents, e.g. organic molecules or polymers pendent 

thiol moieties, since they strongly chemisorb on the gold surface.282  

With this background, multifunctional triblock copolymers with a pendent segment of thiols 

(here thioether SAc) to anchor on gold surface and other blocks with carboxylates (PMeOx51-

PPynOx34(COOH)25-PBuOx12(SAc)12) or hydroxyl groups (PMeOx51-PPynOx34(OH)31-

PBuOx12(SAc)12) were applied in order to provoke the partial substitution of the AuNP 

surfactant resulting in polymer modified AuNPs. The synthesis of the sulfur post-functionalized 
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copolymers included the mono-lateral protection via thiol-acetyl ester (SAc), which is also 

known to chemisorb on gold surface.283 Gold nanocubes were used as model systems. 

Functionalization of gold nanocubes (AuNC) 

The gold nanocubes were synthesized by Felizitas Kirner using a seed-mediated pathway based 

on the separation of crystal nucleation and particle growth for precise morphology control of 

the nanoobjects stabilized by cetylpyridinium chloride (CPC), according to Niu et al.284 TEM 

analysis (Figure 6.19) illustrates the presence of single crystalline, cubic gold particles with 

high monodispersity and average distribution of edge lengths of 34.2 nm. The formation of self-

organized gold mesocrystals is irrelevant for this topic.  

 

Figure 6.19. TEM analysis of synthesized gold nanocubes via seed-mediated procedure. 

Two polymer structures were investigated in terms of their affinity to adsorb on the gold 

surface. The thiol moieties of PMeOx51-PPynOx34(OH)31-PBuOx12(SAc)12 and PMeOx51-

PPynOx34(COOH)25-PBuOx12(SAc)12 are supposed to chemisorb on the AuNC nanoparticles. 

For polymer coating (see experimental section), 500 µL of an aqueous AuNC dispersion 

(absorbance = 1) was added to 500 µL of an aqueous polymer solution (0.1, 0.5 and 1.0 mg/mL 

for total concentrations of 0.05, 0.25 and 0.5 mg/mL) and stirred overnight. The non-bound 

polymer was removed by repeated washing and redispersing the particles using a centrifuge. 

UV/Vis analyses (Figure 6.20) of the AuNC-polymer conjugates reveal minute shifts of the 

absorption maxima towards higher wavelengths (529 → 530 nm). Polymer adsorption might 

induce the local manipulation of the surface electrons, which is monitored by UV/Vis although 

the shifts are negligible. Furthermore, particle aggregation does not occur, which would 
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significantly shift the absorption peak to higher wavenumbers (> 600 nm), suggesting the 

presence of stable nanoparticles. 

 

Figure 6.20. Absorbance-normalized UV/Vis spectra of AuNC polymer mixtures of PMeOx51-PPynOx34(OH)31-

PBuOx12(SAc)12 (A) and PMeOx51-PPynOx34(COOH)25-PBuOx12(SAc)12 (B). 

The lowest polymer concentration (0.05 mg/mL in total) was applied for gold surface 

modification and the particle-polymer mixtures were analyzed in more detail. TEM analysis 

(Figure 6.21, A and B) illustrates the preserved shape and size of the nanocubes suggesting 

morphological control. Considering the nanoobjects in more detail, the slight shadows around 

the cubes point towards the presence of less dense organic materials. The corona is more 

pronounced in case of carboxylate containing polymers (Figure 6.21, B) than for the applied 

polymer with hydroxyl segments (Figure 6.21, A). For the sake of completeness, non-removed 

tiny spherical gold particles are still present due to incomplete washing procedure. 



Surface modification of specific nanoparticle systems 

 239 

Modular ‘tool-kit’ by orthogonal modification 

 

Figure 6.21. TEM analysis of AuNC polymer mixtures of PMeOx51-PPynOx34(OH)31-PBuOx12(SAc)12 (A) and 

PMeOx51-PPynOx34(COOH)25-PBuOx12(SAc)12 (B). AUC sedimentation experiment (C) and zeta potential 

measurement (D) of CPC stabilized gold nanoparticles AuNC (black) and of the polymer mixtrues (blue: AuNC 

+ PMeOx51-PPynOx34(COOH)25-PBuOx12(SAc)12. red: AuNC + PMeOx51-PPynOx34(OH)31-PBuOx12(SAc)12) 

AUC sedimentation velocity experiments (Figure 6.21, C) reveal slight shifts of the 

hydrodynamic diameters when the polymers are present (31.5 nm) compared to the initial CPC-

functionalized gold nanocubes (33 nm). Since the sedimentation behavior depends on the 

density, modified particle corona might induce changes in the sedimentation behavior and thus 

suggest the polymer adsorption via surfactant exchange or co-adsorption. It is noteworthy, that 

the sedimentation coefficient distribution was transformed into the DH-distribution by assuming 

the gold density of 19.32 g/mL (also for the less dense polymer corona) and the density of the 

polymer dispersion was assumed as water density. This explains the negligible deviation of the 

AuNC size (33 nm) from TEM counts (34.5 nm). Furthermore, zeta potential measurements 

point towards the polymer adsorption regarding the reduction of the surface charges of initial 

AuNC (42 mV) due to the presence of the polymer (Figure 6.21, D). Here again, the effect of 
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carboxylate containing polymer impacts the charge reduction to more extent, due to the lower 

potential of negatively charged carboxylates (- 6 mV, pure polymer). Nevertheless, zeta 

potential analyses just qualitatively hint to surface-functionalization. 

In conclusion, complementary analytical techniques strongly give rise to the assumption that 

the polymer is chemisorbed on the AuNC surface, which is mediated by sulfur gold bonds.  

 

6.3.2 Iron oxide nanoparticles 

Iron oxide nanoparticles constitute an interesting material class with magnetic properties that 

are taken advantage of e.g. for magnetic particle imaging (MPI) and drug delivery.285, 286 The 

iron oxide nanoparticles are applied as magnetic resonance imaging (MRI) contrast agents 287 

and dextran coated nanocarriers 288, respectively. Polymer grafting to magnetite nanoparticles, 

and hence, colloidal stabilization has been established over the last years, since the polymer 

composition and molecular weight allows the manipulation of solubility, the colloidal stability 

and size. This is crucial for application in biological environments, especially as the polymer 

palisade evokes stealth properties hindering phagocytic opsonization of the cellular immune 

defense system.289 Addressing the surface, the high affinity of electrophilic catechol groups 

(1,2-dihydroxybenzene) has been identified to attach to iron oxide.290 The watersoluble 

segments of polyethylene glycols with terminal groups containing mono-, bi- and tri-dopamine 

moieties, respectively, have been investigated in terms of forming PEG-stabilized magnetite 

colloids. It was found that the triple-dopamine functionalized surfactant stabilizes the most.289  

Here, multifunctional triblock copolymers were applied as macromolecular surfactants in order 

to stabilize iron oxide nanoparticles. Therefore, two polymer architectures were studied, bearing 

catechol (PMeOx51-PPynOx34(OH)31-PBuOx12(Cat)2) or carboxylate functionalities 

(PMeOx51-PPynOx34(OH)31-PBuOx12(COOH)12), besides the watersoluble PMeOx segment 

and a second block with hydroxyl groups.  

The iron oxide particles have been synthesized by Wenhan Zhang in the course of a master 

thesis, according to the synthesis protocol of Kang et al.291 Thus, 9 nm sized Fe3O4 particles in 

water were obtained by co-precipitation of Fe2+ and Fe3+ species at high pH values using sodium 

hydroxide solution (Figure 6.22). Noteworthy, those nanoobjects are stabilized by negatively 

charged oxygen surface atoms and not by surfactant. 
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Figure 6.22. TEM analysis of the synthesized iron oxide particles in water (A, B) including the distribution of the 

counted particles (C). 

Two polymer architectures were applied to target and adsorb on the iron oxide surface in order 

to functionalize the iron particles with macromolecular surfactants (see experimental section). 

Therefore, small amounts (1 mg) of PMeOx51-PPynOx34(OH)31-PBuOx12(Cat)2 and PMeOx51-

PPynOx34(OH)31-PBuOx12(COOH)12 were dissolved in degassed water (5 mL) and added to 

freeze-dried black iron oxide particles (10 mg). The pH was adjusted to 4 using hydrochloride 

solution (1 M, 10 µL) and the deep black dispersion was stirred overnight under nitrogen. The 

particles were collected with a magnet, and thus, separated from the almost colorless 

supernatant including non-bound residual polymer. The particles were washed for further 

purification prior to analysis by TEM and TGA.  

TEM analyses illustrate particles with similar size and shape as without polymer addition for 

both applied polymers (Figure 6.23, A and B) indicating morphological stability of the iron 

oxide particles. Ultimately, the presence of dense spots around the single particles and some 

spacious patches of closed films gives rise to the assumption of polymer coated nanoparticles. 

Those polymer films might be the result of polymer-crosslinked particles, but most likely they 

originate from magnetically-driven attraction of the single particles leading to assembly during 

the sample preparation. 

The organic content of the organic/inorganic mixture was investigated by thermogravimetric 

analysis. TGA measurements of the purified black sediment reveal organic combustion events 

in the temperature range of 200 – 450°C (Figure 6.23, C). The release of the organic content 

strongly points towards the surface adsorption of macromolecular surfactants amounting 4.5 % 

of PMeOx51-PPynOx34(OH)31-PBuOx12(COOH)12 and 15.5 % of PMeOx51-PPynOx34(OH)31-

PBuOx12(Cat)2. Interestingly, the adsorbed amount is significantly higher of the triblock 

copolymer with pendent catechol moieties, although the degree of catechol functionalization is 

a lot smaller than carboxylate functionalization (2 vs 12 functional groups). This is in good 
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agreement with literature describing the higher adsorption affinity of catechol groups compared 

to carboxylates.  

 

Figure 6.23. Analysis of the mixtures of polymer and iron oxide nanoparticle after purification. TEM analysis of 

iron oxide particles + PMeOx51-PPynOx34(OH)31-PBuOx12(COOH)12 (A) and iron oxide particles + PMeOx51-

PPynOx34(OH)31-PBuOx12(Cat)2 (B). Thermogravimetric analysis of iron oxide particle + PMeOx51-

PPynOx34(OH)31-PBuOx12(COOH)12 and PMeOx51-PPynOx34(OH)31-PBuOx12(Cat)2 (C). Exemplary chemical 

structures of polymer-Cat (D). 

However, the question remains open concerning the polymer mediated single particle coating 

and crosslinking of large bulky aggregates, respectively. Therefore, additional analysis via 

DLS, AUC, etc. presumably will elucidate further insights. Moreover, the influence of the 

hydroxyl containing segment PBuOx(OH) in terms of additional surface adsorption is still 

unexplored. Other protocols to surface-functionalize iron oxide particles in organic solvents are 

promising as well and can be addressed in future projects,292 since the introduction of 

hydrophilic polymers onto Fe3O4 is supposed to provoke phase transition into water.  
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6.3.3 Silica particles 

Silica nanoparticles are most frequently synthesized according to the Stöber process. This 

method is widely used for the synthesis of functionalized and porous silica materials. Hence, 

the combination of different methanol/water mixtures with ammonia triggers hydrolysis and 

condensation reactions of alkoxysilane precursors and thus the formation of silica particles.274  

Various protocols for Stöber synthesis of extremely monodisperse, spherical silica 

nanoparticles are available including the discussion on the influence of different concentrations 

of alkoxysilanes, ammonia and H2O on the size and the size distribution of the obtained silica 

particles.293-296  

Dialysis triggered silica formation 

As described in the synthesis section (6.2.4), the alkoxysilane modified polymers were purified 

via dialysis after the 2.PPM with thiol-silane. Therefore, the methanol solution of the polymer 

was submitted to dialysis against distilled water mediating the gradual and slow solvent 

exchange. The gradual presence of water is supposed to destabilize the alkoxysilane precursors 

triggering hydrolysis and condensation reactions of alkoxysilane precursors, and thus, silica 

particle were formed. (Figure 6.24). The solution was opaque after dialysis, which was freeze-

dried to obtain a colorless powder. 

 

Figure 6.24. Reaction scheme illustrating the conversion of trimethoxysilane-functionalized polymers into 

polymer coated silica particles. 

NMR analysis of the poorly soluble powder (Figure 6.25, left) reveals the disappearance of all 

corresponding signals of the inner PBuOx segment, which also includes most signals of the 

non-reacted free olefins and after thiol addition. This vanishing indicates the insolubility of the 

PBuOx(SiOMe3) segment in common NMR solvents, and furthermore, points towards the 

presence of insoluble silica materials, stabilized by the soluble polymer corona. The occurrence 

of the prominent methoxy-silane signal (H21’ at 3.73 ppm) suggests that non-reacted, 

alkoxysilane functionalities are still present on the polymer. 

IR spectroscopy of the freeze-dried powder (Figure 6.25, right) shows the presence of Si-O-Si 

bending and stretching vibrations at 816 and 953 cm-1, respectively,276 besides typical 
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alkoxysilane vibrations at 919 and 1010 cm-1. This suggests the coexistence of silica and non-

reacted alkoxysilane-precursors on the polymers. It is worth to mention, that the absence of S-

H vibrations at 2670 cm-1 is a strong hint that the formation of thiol-functionalized silica 

particles (Silica-SH) did not happen and suggests the complete removal of the thiol-silane 

starting material. 

 

Figure 6.25. Analysis of alkoxysilane functionalized polymer in the 2.PPM of thiol-silane by proton NMR (left) 

and IR (right) analysis after purification by dialysis against water.  

The aqueous dispersion of the freeze-dried powder (0.5 mg/mL) was additionally analyzed by 

DLS, showing the presence of 30 nm nanoparticles. This suggests the presence of polymer 

coated silica particles with defined shapes instead of aggregated silica bulk material. 

 

Figure 6.26. DLS analysis of polymer coated silica particles gradually prepared in a dialysis membrane against 

water.  
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Silica formation by Stöber process 

Since the dialysis-triggered formation of silica nanoparticles revealed the high reactivity of the 

methoxysilane functions attached to the polymer, the conversion into silica particles is 

appreciated to proceed in a more controllable fashion by using the Stöber process. First, 

tetramethoxysilane (TMOS) was used as silica source for the synthesis of silica nanoparticles, 

as described by Takeda et al.274 Since the water/methanol composition and the ammonia 

concentration represent the key parameters for size changes, different ratios were tested in order 

to optimize the particle formation (Table 6.2).  

Table 6.2. Stöber synthesis of silica particles by the variation of different parameters. 
 

Entry VTMOS [mL] Vwater [mL] Vmethanol [mL] Molar ratio H2O/MeOH Vammonia [mL] 

1 0.015 2.34 0.53 10/1 0.05 

2 0.015 2.25 0.73 7/1 0.05 

3 0.015 2.15 0.97 5/1 0.05 

4 0.015 1.93 1.45 3/1 0.05 

5 0.015 1.29 2.90 1/1 0.05 

6 0.015 0.86 3.87 1/2 0.05 

DLS analysis revealed the best results for silica nanoparticles in batch number 4 regarding the 

intensity-weighted size and size distribution (3.7 nm (12%) and 157 nm (88 %), PDi = 0.2) 

(Figure 6.27, A - number weighted size distribution of 3 nm). In contrast, the obtained silica 

dispersions under other conditions include objects with inappropriate deviations.  

Those conditions (Table 6.2, entry 4) were adapted to the Stöber synthesis of alkoxysilane 

functionalized polymer (PMeOx46-PPynOx11(COOH)11-PBuOx11(SiOMe3)6) in order to 

synthesize polymer coated silica nanoparticles. The amount of covalently attached 

alkoxysilanes on the polymer was equal with the amount of single tetramethoxysilane for 

comparable experiments (see experimental section). The prepared silica dispersion was 

analyzed by DLS revealing averaged number weighted particle sizes around 14 nm (Figure 

6.27, blue curves). This is a significant shift to increased sizes compared to the silica particles 

from TMOS (Figure 6.27, black curves). Taking into account that the polymer itself tends to 

self-assemble into core shell nanoparticles, too, the non-silane modified polymer (PMeOx46-

PPynOx11(COOH)11-PBuOx11) was analyzed with DLS elucidating clearly higher and 

remarkably monodisperse particle sizes of 20 nm (Figure 6.27, red curves).  
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Figure 6.27. DLS analysis of silica particles using the Stöber synthesis of tetramethoxysilane (black curve) and 

alkoxysilane functionalized polymer PMeOx46-PPynOx11(COOH)11-PBuOx11(SiOMe3)6 (blue curve) and 

PMeOx46-PPynOx11(COOH)11-PBuOx11 (red curve). 

The combined data give rise to the conclusion of synthesized silica nanoparticles coated with 

polymer. This approach constitutes an alternative synthetic pathway for surface functionalized 

silica. However, the residual thiol-silanes are supposed to be co-condensed in the synthesized 

silica particles producing thiol functionalities on the surface.  

Alkoxysilane-polymers for surface functionalization of further nanoparticles 

Surface functionalization of nanoparticles is crucial in terms of stabilization and solubility 

manipulation, e.g. alkoxysilane functionalities are widely used compounds to post-modify 

several surfaces including silicon oxide, zinc oxides and several metals and metal oxides in 

general. The attachment of alkoxysilanes to polymers allows the adaption of established 

standard methods to functionalize targeted substrates with macromolecules, and thus, introduce 

desired properties onto the surfaces.  

This is the next step of this project, including the proper purification after 2.PPM in order to 

remove non-attached thiol-silanes under simultaneous stabilization of the moisture-labile 

methoxysilane groups. Therefore, ethoxy- and isopropoxy-silanes presumably retard the 

affinity to form silicon oxides. Once the stability is controlled, those macromolecules 
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surfactants could be applied to functionalize for example anisotropic zinc oxide nanorods and 

stabilize them in water. 

6.4 Conclusive summary of Chapter 6 

This chapter describes the attachment of various chemical functionalities onto triblock 

copolymers based on polyoxazolines. The polymers were synthesized with separated segments 

of pending alkyne and olefin groups, which were specifically functionalized by orthogonal post 

polymerization modification. Two pairs of common reactions, which are orthogonal to each 

other, have been selected including click reactions first and C-C cross-coupling reactions 

second. As first pair, the copper(I)-catalyzed alkyne azide coupling (Huisgen reaction) was 

combined with the photochemical thiol-ene click reaction. Hence, a modular tool kit could be 

developed in this thesis by introducing different properties such as charges, hydroxides and 

fluorescence to the alkyne segment, and furthermore, by functionalizing the olefin segment with 

sulfur, catechol, silane, carboxylates and amine groups. Specific polymer architectures with 

sulfur and catechol groups as gluing units could be adsorbed on the surface of gold and iron 

oxide particles, respectively. The breakthrough in surface functionalization of silica particles 

has yet to come. Here, silane modification was achieved but not the isolation of the polymers 

due to the high sensitivity of the applied tetramethoxysilane precursors towards hydrolysis and 

condensation reactions.  

As second orthogonal pair, palladium(0)-catalyzed C-C cross-coupling reactions were used to 

functionalize the alkyne segment by Sonogashira reaction and the olefin segment by Heck 

reaction with any iodo-derivate. The impeccable application of the cross-coupling reactions 

could not be established within this thesis, but the first results exhibit the huge potential of this 

pair.  
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6.5 Experimental section 

6.5.1 Materials 

1,8-octandithiol (> 98%), Thioglycolic acid (98%), 2-Iminothiolane hydrochloride (> 98%), 

Cysteamine (> 95%), Sodium azide (> 99.5%) was purchased by Sigma Aldrich. 3-Bromopropylamine 

hydrobromid (98%), 6-Bromo-1-hexanol (97%), 6-Bromohexanoic acid (98%), (3 

Mercaptopropyl)trimethoxysilane (98%), Dopamine hydrochloride (> 99%) was purchase by Alfa 

Aesar. Acetic acid anhydride (99%) was purchased by Acros Organics. Silica gel (0.4-0.063 mm) was 

purchased by Carl Roth. 

6.5.2 Synthesis of the small molecules 

I. COOH-N3 - Synthesis of 6-azido-hexanoic acid 

 

6-bromohexanoic acid (1 eq., 12.5 g, 64.2 mmol) and sodium azide (2 eq., 8.33 g, 128.4 mmol) were 

dissolved in 60 mL of dry DMF under nitrogen atmosphere. The reaction was executed at a temperature 

of 85 °C for 4.5 h. The composite was stirred at room temperature for 15 h. Furthermore, the reaction 

mixture was diluted and washed four times (ca. 150 mL) with diethyl ether and dried over sodium 

sulfate. The solvent was removed in vacuo and a colorless viscous liquid was obtained without further 

purification. (9.26 g, 59.0 mmol, 92 %). 1H-NMR (400 MHz, CDCl3): δ = 10.58 (m, 0.92H, COOH), 

3.25 (m, 2H, H6), 2.32 (m, 2H, H2), 1.67-1.57 (m, 4H, H3+5), 1.39 (m, 2H, H4). 13C-NMR (400 MHz, 

CDCl3): δ = 179.2 (C1), 51.2 (C6), 33.9 (C2), 28.5 (C5), 26.2 (C4), 24.1 (C3). ESI-MS: m/z calc: 157.09, 

found: 157.09 + H+. 

II. OH-N3 - Synthesis of 6-azido-hexanol 

 

6-bromohexanol (1 eq., 5.0 g, 27.7 mmol) and sodium azide (2 eq., 3,6 g, 55.3 mmol) were dissolved in 

30 mL of dry DMF under nitrogen atmosphere. The reaction was executed at a temperature of 85 °C for 

4.5 h. The composite was stirred at room temperature for 15 h. Furthermore, the reaction mixture was 

diluted and washed four times (ca. 150 mL) with diethyl ether and dried over sodium sulfate. The solvent 

was removed in vacuo and a colorless viscous liquid was obtained without further purification. (3.47 g, 

24.3 mmol, 88 %). 1H-NMR (400 MHz, CDCl3): δ = 3.64 (t, 2H, H1), 3.26 (m, 2H, H6), 1.67-1.57 (m, 

4H, H2+5), 1.40 (m, 4H, H3+4). 13C-NMR (400 MHz, CDCl3): δ = 62.8 (C1), 51.5 (C6), 32.7 (C2), 28.9 

(C5), 26.6 (C4), 25.5 (C3). 
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III. Amine-N3 - Synthesis of 3-azidopropyl amine 

 

3-Bromopropylamine (1 eq., 2.0 g, 9.14 mmol) was dissolved in 5 mL deionized water. Sodium azide 

(2.98 eq., 1.770 g 27.22 mmol) was added and the reaction was heated up to 80 °C for 20 hours under 

reflux conditions and vigorous stirring. The reaction mixture was cooled within an ice bath and 

potassium hydroxide (1.6 eq., 1.32 g, 23.61 mmol) was slowly added to the mixture. The product was 

extracted four times with diethylether and the organic phase was dried over sodium sulfate. The organic 

phase was concentrated at the rotary evaporator and dried under reduced pressure. 1H-NMR (400MHz, 

CDCl3): δ (ppm) = 3.37 (t, 2H, CH2-NH2), 2.81 (t, 2H, CH2-N3), 1.73 (p, 2H, CH2-CH2-CH2), 1.40 (s, 

2H, NH2). 

IV. RhoB-N3 - Synthesis of 1-(3-azidopropyl)-3- RhodamineB thiourea  

 

Rhodamine isothiocyanate (1 eq., 0.031 g, 0.06 mmol) and triethyl amine (2 eq., 0.011 mg, 0.11 mmol) 

were dissolved in DCM (100 mL) in N2-atmosphere. The solution was cooled down to 0°C and a 

solution of 3-azidopropylamine (2 eq., 0.11 mg, 0.11 mmol) in DCM (10 mL) was added under constant 

stirring. The reaction mixture was stirred at room temperature overnight. A shift in color from pink to a 

deep red is noticeable. The solvent was removed, and the residue was again dissolved in MeOH (50 mL). 

The MeOH phase was extracted with n-hexane (8x20 mL) to remove the amine and the combined 

hexane phases were extracted with MeOH until colorless (5x10 mL). The evaporation of the solvent 

yielded a red powder. 1H-NMR (400 MHz, MeOD-d): δ (ppm) = 8.30-6.25 (m, 9H, Haromatic), 3.65 (m, 

2H, H4), 3.50 (t, 2H, H3), 3.01 (t, 2H, H1), 1.90 (m, 2H, H2), 1.30 (s, 12H, H5). 

 

 

V. Cat-SH - Synthesis of N-(3,4-dihydroxyphenethyl)-4-mercaptobutanimidamide 

 

The dopamine hydrochloride (1 eq., 0.15 g, 0.79 mmol) was dissolved in deionized water and degassed 

with nitrogen. The pH-value was set to 8-9 by addition of sodium carbonate. 2-iminothiolane (Traut’s 

Reagenz, 0.3 eq. 0.033 mg, 0.24 mmol) was added and the reaction mixture was heated to 72 °C for 

15 hours under constant stirring. The water phase was extracted with CHCl3 at pH = 8-9 and the organic 
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phase was dried in vacuum. A yellowish solid was obtained (34 mg, 134 mmol, 56 %). 1H-NMR (400 

MHz, MeOD-d): δ (ppm) = 6.71-6.55 (m, 3H, Haromatic), 3.42 (m, 2H, H3), 3.29 (t, 2H, H1), 2.81 (t, 2H, 

H5), 2.69 (m, 2H, H4), 2.15 (s, 12H, H2). 

VI. SAc-SH - Synthesis of S-(8-mercaptooctyl) ethanethioate 

 

1,8-octanedithiol (1 eq., 0.4 g, 2.24 mmol) and Silicagel (630 mg) were dissolved in acetic acid 

anhydride (2.85 eq., 630 mg, 6.38 mmol) in a microwave reactor (10 mL) and shoken. The reaction was 

performed in a microwave for 60 minutes at 160°C without stirring. After cooling down to RT, the 

yellowish dispersion was diluted with diethylether, filtrated and the solvents were removed under 

reduced pressure. A yellowish liquid was obtained. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 2.85 (t, 2H, 

H8), 2.51 (t, 2H, H1), 2.32 (t, 3H, H9), 1.70-1.50 (m, 4H, H2+7), 1.45-1.25 (m, 8H, H3-6). 1,8-

octanediethanethioate: δ (ppm) = 2.85 (t, 1.44H, H8), 2.32 (t, 2.13H, H9), 1.70-1.50 (m, 1.5H, H2+7), 

1.45-1.25 (m, 4H, H3-6). 13C-NMR (400MHz, CDCl3): δ (ppm) = 196.2 (CSAc), 34.1 (C2), 30.8 (C9), 

29.3-28.4 (C3-8), 24.8 (C1). GC: retention time: 4.62 min (60.4 %), 6.96 min (26.6 %). 

6.5.3 Polymerization  

 
Microwave-assisted polymerization. All compounds were added to the microwave reactor (10 mL) in a 

glovebox. As first block, 2-methyl-2-oxazoline (MeOx) and 3 mL of acetonitrile were added into a 

flame-dried microwave-reactor. After adding MeOTf initiator, the microwave-reaction was heated up 

to 140 °C within 5 min and then stirred at 140 °C for 40 min. The mixture was cooled down to room 

temperature prior to the addition the second monomer 2-(4-pentynyl)-2-oxazoline (PynOx) in the 

glovebox. The second block was polymerized by irradiating the reaction mixture with the same 

microwave conditions. For the third block, the mixture was cooled down to room temperature prior to 

the addition the third monomer 2-(3-butenyl)-2-oxazoline (BuOx) in the glovebox. The polymerization 

was conducted under the same microwave conditions. The polymerization was terminated with dist. 

water and piperidin, respectively. The obtained mixtures were purified by dialysis against methanol and 

against dist. water (MWCO = 1000 g/mol). After freeze-drying, the polymers were obtained as colorless 

powders. 

P1: PMeOx46-PynOx11-PBuOx11: MeOTf (1 eq. 34.5 µL, 0.3 µmol), MeOx (50 eq., 1.29 g, 15.0 µmol), 

PynOx (10 eq., 0.42 g, 3 µmol), BuOx (10 eq., 0.38 g, 3 µmol), N-Boc-piperazine (3 eq., 0.167 g, 0.9 

µmol). Yield (1.17 g). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 5.83 (m, 10.8H, H6), 5.03 (m, 21.3H, 

H7), 3.49 (m, 257H, H2-3), 3.05-2.94 (m, 3H, HInitiator), 2.46 (m, 30.4H, H8), 2.37 (m, 87H, H4-5), 2.28 (m, 

35H, H10), 2.15 (m, 137H, H1), 1.83 (m, 22H, H9), 1.46 (m, 4H, HBOC). GPC (NMP): PDi = 1.73, Mn 

(GPC) = 6800 g/mol, Mn (calc) = 6800 g/mol. 

P2: PMeOx50-PynOx9-PBuOx9: MeOTf (1 eq. 34.5 µL, 0.3 µmol), MeOx (50 eq., 1.29 g, 15.2 µmol), 

PynOx (9 eq., 0.38 g, 2.7 µmol), BuOx (9 eq., 0.34 g, 2.7 µmol). Yield (0.67 g). 1H-NMR (400 MHz, 

CDCl3): δ (ppm) = 5.81 (m, 9.1H, H6), 5.03 (m, 17.9H, H7), 3.46 (m, 270H, H2-3), 3.05-2.94 (m, 3H, 
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HInitiator), 2.48 (m, 30.8H, H8), 2.37 (m, 24H, H4-5), 2.28 (m, 23H, H10), 2.15 (m, 150H, H1), 1.83 (m, 

18H, H9). GPC (NMP): PDi = 1.15, Mn (GPC) = 9300 g/mol, Mn (calc) = 6600 g/mol. 

P3: PMeOx51-PynOx34-PBuOx12: MeOTf (1 eq. 34.5 µL, 0.3 µmol), MeOx (50 eq., 1.29 g, 15.0 µmol), 

PynOx (30 eq., 1.24 g, 9 µmol), BuOx (10 eq., 0.38 g, 3 µmol). Yield (1.64 g). 1H-NMR (400 MHz, 

CDCl3): δ (ppm) = 5.83 (m, 11.4H, H6), 5.05 (m, 23H, H7), 3.48 (m, 357H, H2-3), 3.05-2.94 (m, 3H, 

HInitiator), 2.49 (m, 64H, H8), 2.39 (m, 37H, H4-5), 2.30 (m, 62H, H10), 2.13 (m, 154H, H1), 1.84 (m, 77H, 

H9), 1.48 (m, 2.5H, HBOC).  GPC (NMP): PDi = 1.43, Mn (GPC) = 11800 g/mol, Mn (calc) = 10500 

g/mol. 

 

6.5.4 1. Post-polymerization modification (CuAAC) 

General procedure. The alkyne bearing polyoxazoline and the azid (2 eq. per alkyne group) were 

dissolved in a water/tert-butanol mixture (20 mL, v/v : 1/1). After adding copper(II) sulfate (0.02 eq. per 

alkyne group) and sodium ascorbate (0.2 eq. per alkyne group), the solution was stirred for 2 days at 

RT. The reaction mixture was dialyzed stepwise against methanol, aqueous EDTA soultion and water 

(MWCO = 1000 g/mol) for 2 days each. Freeze-drying yielded the polymer powders. 

PMeOx51-PPynOx34(OH)31-PBuOx12: 

 

1H-NMR (400 MHz, MeOD-d): δ (ppm) = 7.83 (m, 31H, H11), 5.90 (m, 13H, H6), 5.09 (m, 27H, H7), 

4.38 (m, 62.8H, H12), 3.55 (m, 440H, H2-3), 2.75 (m, 62.5H, H8), 2.54-2.32 (m, 118H, H4,5,10), 2.14 (m, 

154H, H1), 1.91 (m, 128H, H9,13), 1.54 (m, 69H, H16), 1.48-1.28 (m, 134H, H14,15). 

PMeOx51-PPynOx34(COOH)25-PBuOx12: 

 

1H-NMR (400 MHz, MeOD-d): δ (ppm) = 7.82 (m, 25H, H11), 5.88 (m, 12H, H6), 5.09 (m, 26H, H7), 

4.38 (m, 50H, H12), 3.55 (m, 344H, H2-3), 2.74 (m, 56.2H, H8), 2.54-2.24 (m, 150H, H4,5,10,16), 2.15 (m, 

154H, H1), 1.91 (m, 108H, H9,13), 1.63 (m, 66H, H15), 1.34 (m, 62H, H14). 
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PMeOx50-PPynOx9(NH2)7-PBuOx9:  

 
1H-NMR (400 MHz, MeOD-d): δ (ppm) = 7.89 (m, 8H, H11), 5.88 (m, 10H, H6), 5.07 (m, 21H, H7), 

4.45 (m, 13.8H, H12), 3.56 (m, 242H, H2-3), 3.12-3.00 (m 12.3H, H14), 2.87-2.60 (m, 26H, H10), 2.60-

2.49 (m, 19.5H, H8), 2.49-2.42 (m, 12H, H13), 2.42-2.26 (m, 33H, H4-5), 2.14 (m, 150H, H1), 1.84 (m, 

21H, H9). 

PMeOx51-PPynOx34(RhoB)1.5-PBuOx12: 

 

1H-NMR (400 MHz, MeOD-d): δ (ppm) = 8.30-6.25 (m, 12.5H, Haromatic), 5.90 (m, 12.3H, H6), 5.09 (m, 

30H, H7), 4.02 (m, 6H, H14), 3.56 (m, 299H, H2-3), 2.99 (m, 41H, H15), 2.54 (m, 59H, H8), 2.40-2.30 (m, 

68H, H4-5), 2.15 (m, 153H, H1), 1.84 (m, 34H, H9,13), 1.32 (m, 22H, H16). 

 

6.5.5 2. Post-polymerization modification (Thiol-ene) 

General procedure. The olefin bearing polyoxazoline and the thiol (2 eq. per olefin group) was dissolved 

in a anhydrous methanol/tetrahydrofuran mixture (10 mL, v/v : 1/1). After adding DMPA (1-2 mg), the 

opaque solution was stirred in N2-atmosphere for 2 days at RT under UV irradiation (λ = 356nm). The 

reaction mixture was dialyzed stepwise against methanol, and water (MWCO = 1000 g/mol) for 2 days 

each. Freeze-drying yielded the polymer powders. 

PMeOx51-PPynOx34(OH)31-PBuOx12(Cat)2: 

 



Experimental section 

 253 

Modular ‘tool-kit’ by orthogonal modification 

1H-NMR (400 MHz, MeOD-d): δ (ppm) = 7.81 (m, 31H, H11), 6.67-6.52 (m, 4.5H, H23), 5.89 (m, 10.3H, 

H6), 5.07 (m, 23.4H, H7), 4.36 (m, 62H, H12), 3.54 (m, 383H, H2-3), 2.73 (m, 66H, H8,22), 2.54-2.31 (m, 

102H, H4’,4,5,7’,10,18,20), 2.18 (m, 127H, H1), 1.90 (m, 130H, H9,13,19), 1.53 (m, 68H, H5’,6’,16), 1.40-1.32 (m, 

133H, H14,15). 

PMeOx51-PPynOx34(OH)31-PBuOx12(COOH)12: 

 

1H-NMR (400 MHz, MeOD-d): δ (ppm) = 7.82 (m, 31.3H, H11), 4.37 (m, 62.5H, H12), 3.54 (m, 388H, 

H2-3), 2.84-2.67 (m, 84H, H8,18), 2.67-2.57 (m, 55H, H7’), 2.57-2.36 (m, 87H, H4’,10,19), 2.18 (m, 146H, 

H1), 1.90 (m, 142H, H9,13), 1.79-1.59 (m, 58H, H5’,6’), 1.53 (m, 65H, H16), 1.40-1.32 (m, 156H, H14,15). 

PMeOx51-PPynOx34(OH)31-PBuOx12(SAc)12: 

 

 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.82 (m, 31.4H, H11), 4.29 (m, 65.3H, H12), 3.45 (m, 456H, 

H2-3,17), 2.94-2.77 (m, 122H, H8,25), 2.77-2.60 (m, 93H, H7’,18), 2.57-2.42 (m, 86H, H4’,10), 2.31 (m, 43H, 

H26), 2.10 (m, 161H, H1), 1.99-1.77 (m, 144H, H9,13), 1.86-1.42 (m, 199H, H5’,6’,16,19), 1.41-1.20 (m, 

308H, H14,15,20-23). 

PMeOx51-PPynOx34(OH)31-PBuOx12(Silane)11: 1H-NMR (400 MHz, CDCl3): δ (ppm) = 4.31 (m, 5.1H, 

H12), 3.45 (m, 421H, H2-3), 2.10 (m, 153H, H1). 

PMeOx46-PPynOx11(COOH)11-PBuOx11(SiOMe)6: 

 

1H-NMR (400 MHz, MeOD-d): δ (ppm) = 7.90 (m, 11.6H, H11), 5.87 (m, 4H, H6), 5.02 (m, 8H, H7), 

4.40 (m, 29H, H12), 3.65 (s, 53H, H21/21’), 3.54 (m, 232H, H2-3), 2.95-2.83 (m, 16H, H18’), 2.83-2.69 (m 

33H, H8,18), 2.62-2.26 (m, 84H, H4’,4,5,7’,10,16), 2.14 (m, 148H, H1), 2.03-1.86 (m, 73H, H9,13,19’), 1.72-1.35 

(m, 58H, H5’,6’,14,15,19, 0.97-0.63 (m, 22H, H20/20’). 
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PMeOx51-PPynOx34(COOH)25-PBuOx12(SAc)12: 

 

1H-NMR (400 MHz, MeOD-d): δ (ppm) = 7.82 (m, 25H, H11), 4.37 (m, 54H, H12), 3.72 (s, 74H), 3.54 

(m, 289H, H2-3), 2.96-2.83 (m, 27H, H25), 2.82-2.66 (m 67H, H8,18), 2.65-2.23 (m, 201H, H4’,7’,10,16,26), 

2.22-2.09 (m, 156H, H1), 2.04-1.83 (m, 116H, H9,13), 1.81-1.52 (m, 146H, H5’,6’,14,15,19), 1.52-1.24 (m, 

152H, H20-24). 

6.5.6 Surface modification 

I. Gold 

The polymers were dissolved in MilliQ water (resistivity < 18.2 µS/cm) with a final polymer 

concentration of 0.1, 0.5 and 1.0 mg/mL. 500 µL of a freshly prepared dispersion of gold nanocubes 

(washed one time) was portionend and 500 µL of the polymer dispersions was added and stirred 

overnight at RT. After adding 12 mL MilliQ, the dispersions were centrifuged (13 mL H2O, 9000 rpm, 

10 min each) and the red sediment was redispersed in 2 mL MilliQ and examined via UV/Vis, Zeta 

potential measurement, TEM and AUC. 

 

II. Iron oxide 

The polyoxazoline copolymers (1 mg) were dissolved in degassed water (5 mL) and the solution was 

further degassed overnight. After adding 10 mg of the freeze-dried iron oxide nanoparticles and HCl 

solution to adjust pH 4 (10 µL, 1 M), the solution was stirred under N2-atmosphere at room temperature 

overnight. The black reaction mixture was precipitated by adding a magnet at the side of the reaction 

vessel and the dispersion turned translucent. The supernatant was separated and 2 mL of degassed water 

were added to yield the polymer coated iron oxide particles.  

 

III. Stöber Particles 

PMeOx46-PPynOx11(COOH)11-PBuOx11(SiOMe3)6 (0.02 g) was added to a solution of MilliQ (2.146 

mL) and methanol (0.906 mL). The turbid dispersion was stirred for 1 h prior to the addition of ammonia 

solution (1 µL, 25 %). After vigorous stirring for 1 h, the opaque dispersion was stirred overnight with 

opened cap for evaporation of methanol and ammonia. The resulting solution was used for analysis. 

  



English Version 

 255 

Conclusive summary and Outlook 

CHAPTER 7 -  Conclusive summary and Outlook 

7.1 English Version 

Multifunctional block copolymers offer great opportunities to create and adjust inherent 

material properties for outstanding performances in different fields. However, precise structural 

engineering is required in order to obtain macromolecules with such novel and superior 

properties for a specific application. Based on the promising capabilities of particular 

macromolecules, the introduction of polymer-based strategies in the medical field has been the 

logic evolution tapping the full potential of beneficial properties.  

The concept of polymer nanotechnology has been adopted in this doctoral thesis aiming to 

develop macromolecular solubilizers for hardly soluble materials in the medical context, 

particularly focusing on atherosclerosis. In recent decades, atherosclerosis has emerged as one 

of the most-widespread diseases in the western hemisphere. Around 40 % of the human deaths 

are attributed to the presence of atherosclerotic plaques and their late sequelae. These plaques 

are the direct consequence of a deficient lifestyle. Hence, endogenous materials start to colonize 

the inner arterial walls and consequence dysfunctions. The plaques are complexly composed of 

various endogenous cellular components, fat-rich and mineral substances. In contrast to the 

cellular elements, which are difficult to remove from the biological view, cholesterol and 

hydroxyapatite represent the main target of this work, since they are generally soluble in 

specific media.  

The most established medical treatments for atherosclerosis aim at lowering the blood fat level 

and thus indirectly reducing existing plaques. In this project, a novel approach is attempted by 

targeting the in-situ reduction of arterial plaques by solubilizing the major components of the 

deposits: hydrophobic cholesterol and mineral hydroxyapatite. To this end, different groups of 

multifunctional block copolymers with the inherent ability to absorb these physicochemically-

disparate substances such as cholesterol and ionic components of hydroxyapatite have been 

developed in this thesis. After extracting these constituents of the plaques, micellar entrapment 

would ensure the transport through the circulation system and the natural release from the body 

over the renal excretion pathways.  
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Based on the above-mentioned, the designed amphiphilic polymers must present specific 

physical and chemical characteristics: 

- self-assembly into polymer nanoparticles with high micellar stability, 

- high capacities for cholesterol (and ionic) uptake, 

- cargo particle must be able to penetrate the kidney/bladder barrier – i.e. size < 40 nm. 

 

 

Summary 

Two families of amphiphilic block copolymers were synthesized including PEG-peptides 

(CHAPTER 2) on the one hand and polyoxazolines (CHAPTER 3) on the other hand. Thereof, 

extensive polymer libraries were developed with varying macromolecular architectures, types 

and compositions in order to optimize their capabilities to solubilize hydrophobic cholesterol 

and mineral hydroxyapatite, respectively.  

A selection of the best polymer architectures and their compositions, particle sizes, 

morphologies and uptake capacities for cholesterol is summarized in the following table (Table 

1.1). The outlined polymers represent the benchmark performance of the respective polymer 

groups developed in this work. 

Table 1.1. Physical and chemical characteristics of multifunctional block copolymers designed in this thesis 

presenting superior cholesterol uptake. 
 

Entry Copolymers 
Morphology of the particles Cholesterol 

uptake 
[wt%] Native particles Cargo particles 

   A3 mPEG113-PGlu12-PLys11(Chol)4.0 16 nm micelles 21 nm micelles 6.3 (1.4) 

   B3 mPEG113-PAsp8-PLys7(Chol)3 > 100 nm particles > 150 nm particles 3.4 (0.3) 

   C4 mPEG42-PAsp14-PLys12(Chol)5 > 200 nm particles > 100 nm particles 5.9 (0.3) 

   D7 mPEG113-PGlu12-PLys11(Cetyl)3.8 n.d. n.d. n.d. 

   E4 mPEG113-PGlu11-PIle28 20 nm micelles 21 nm micelles 14.3 (3.3) 

   N3 PMeOx28-PNonOx10 40 nm micelles 45 nm micelles 16.0 (2.4) 

. .H4 PMeOx40-PHeptadecOx8 12 nm particles 12 nm micelles 5.9 (1.4) 

   L9 PMeOx100-PLinOx5 12 nm particles 14 nm particles 10.4 (2.1) 

   F3 PMeOx46-PBuOx6(Chol)0.8 10-30 nm micelles 30-60 nm particles 23.5 (4.4) 

   G4 
PMeOx62-PynOx18(COOH)18- 

PBuOx11(Chol)2.1 
10 + 60 nm particles 15-20 + 100 nm particles 8.4 (0.6) 

Overall, the polyoxazoline family presents more enhanced cholesterol solubilization capacities 

than PEG-peptides, and in addition, they possess easier synthetic control and analytical 

practicability. The maximum cholesterol uptake of 23.5 wt% has been reached by the polymer 
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composition PMeOx46-PBuOx6(Chol)0.8 (F3), falling into the same range as established drug 

delivery systems between 10 and 40 wt%. However, it has to be noted that specific preparation 

protocols are still required for the incorporation of pharmaceutical compounds to reach such 

drug loading values.  

Once the affinity of these different polymer structures for cholesterol uptake has been evaluated, 

the interactions between specific macromolecules with calcium phosphate minerals was 

investigated in CHAPTER 4. Initially, the maximum adsorption capacity for calcium ions was 

generalized by potentiometric titration exhibiting the favorable carboxylate-containing polymer 

structure of mPEG-PAsp33 with the highest calcium uptake (0.68 Ca2+/COO–). Next, dissolution 

experiments revealed the polymers ability to solubilize and adsorb calcium ions from the crystal 

lattice of hardly-soluble hydroxyapatite minerals up to 0.30 Ca2+/COO– in case of mPEG113-

PGlu12-PLys11(Chol)4.0 (A3). Ultimately, hydroxyapatite crystallization was investigated in the 

presence of selected polymer structures revealing the polymers ability to significantly delay the 

nucleation of the calcium phosphate phase and therefore qualifying them as potential 

macromolecular additives for scale inhibition. 

In order to gain detailed knowledge on the behavior of selected polymer structures under 

realistic systems, CHAPTER 5 highlights the interactions with different biological environments. 

First, cytotoxicity assays were carried out for representative polymer structures but no negative 

impact of the polymers onto liver and kidney cells physiology was found. Second, the behavior 

of the fluorescent-tagged polymer mPEG113-PGlu12-PLys11(Chol)1.5(RhoB) (A2) was 

investigated inside living liver and kidney cells. The uptake mechanism and the cellular 

distribution could be deciphered, and most importantly, the ability of the polymer for 

cholesterol uptake inside the living cells could be visualized with FLIM/FRET techniques. 

Ultimately, in-vivo experiments in mice revealed the biodistribution of polyoxazoline-based 

nanoparticles, labeled with a radionuclide, in the whole body after injection. Initially, the 

polymer nanoparticles accumulate in the bladder but after 150 minutes they are almost 

completely removed via the renal excretion pathway. This biodistribution experiment 

confirmed the general approach of this project, in particular the exit of the polymer of the body. 

In summary, in this chapter it has been demonstrated the general capacity of the polymers to 

solubilize cholesterol inside living cells under physiological environments and their natural 

evacuation from the organism. However, further work is still needed to accurately define the 

endogenous cholesterol uptake from atherosclerotic plaques within living organisms.  

In the course of developing the polyoxazoline-based multifunctional block copolymers in 

CHAPTER 3, triblock copolymers with distinct segments of pendant alkyne and olefin moieties 
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have been synthesized. These triblock copolymers were orthogonally post-modified with 

various chemical functionalities in CHAPTER 6. Herein, the development of a modular ‘tool-

kit’ is presented and some potential applications of the specifically functionalized 

polyoxazoline polymers in various fields. Two major groups were introduced to the polymer 

backbones. On the one hand, gluing units such as thiols, catechols, alkoxysilanes, carboxylates 

and amines for the interaction with inorganic systems and on the other hand, small molecules 

to equip the surfaces with new functionalities such as charges, hydroxyl groups and 

fluorescence dyes. Some of those ‘tool-kit’ polyoxazoline structures presented in this chapter 

were demonstrated to anchor on the surfaces of inorganic materials such as gold and iron oxide 

nanoparticles. As a consequence, the development of this modular ‘tool-kit’ originating from 

orthogonal post-polymerization modification of polyoxazolines opens widespread possibilities 

for the use of these polymers as surface modifiers and particles stabilizers beyond medical 

fields.  

Outlook 

This project describes the successful synthesis and evaluation of a wide range of polymer 

systems as macromolecular solubilizers for cholesterol and hydroxyapatite. The most promising 

polymers with the best ex-vivo performances have additionally been tested in biological 

environments confirming the viability of such developed macromolecules. However, further 

research is needed for the definition and crucial evaluation of the plaque solubilization in 

ex- and in-vivo environments. This would include the study of the general endogenous stability 

of representative polymer particles in the blood stream and in presence of peptides such as BSA 

(bovine serum albumin), known as a well-established reference experiment. The natural 

atheroprotective process is characterized by cholesterol efflux from macrophages, which is the 

inevitable step to lower the cholesterol level in the arterial walls. Here, cholesterol molecules 

are released from macrophages, encapsulated in high-density lipoprotein (HDL) particles and 

removed from the atherosclerotic plaques. To this end, in vitro studies of macrophage-systems 

could evaluate the potential of specific polymers to promote cholesterol efflux from these 

“engulfing-cells”. Since ApoA-I derivates are known to trigger the cholesterol efflux, the 

hydrophilic corona of the particles could additionally be modified with ApoA-I-like 

functionalities.  
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Furthermore, in the course of this work a cooperation with the University Heart Center Freiburg, 

Department of Cardiology and Angiology I under the guidance of PD Dr. Ingo Hilgendorf has 

been started with the aim of evaluating the in-vivo reduction of the atherosclerotic plaques. This 

group uses a fluorescence-tagged polyoxazoline developed in this doctoral project in in-vivo 

experiments as preclinical evaluation of toxicological aspects, optimized dosing parameters, 

biodistribution and, most excitingly, the polymers capacity for in-vivo solubilization of plaques. 

Thanks to these plaque solubilization experiments, the fundamental question will be addressed, 

to what content plaque regression is induced by the presence of the polymer. These 

complementary investigations will be a crucial test for the future potential of the polymers 

developed in this thesis as pharmaceuticals for solubilization of atherosclerotic plaques.  
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7.2 German Version 

 

Zusammenfassung und Ausblick 

Multifunktionelle Block Copolymere besitzen ein sehr großes Potenzial, um spezifische 

Materialeigenschaften zu erzeugen, die aufgrund ihrer einzigartigen Fähigkeiten in einem 

breiten Anwendungsspektrum zum Einsatz kommen können. Für die Identifizierung solcher 

Hochleistungspolymere und deren Ausrüstung mit neuen und kompetitiven Eigenschaften ist 

eine präzise Konzeption von chemischen Strukturen erforderlich. Aufgrund der 

vielversprechenden Eigenschaften dieser makromolekularen Systeme war die Einführung von 

Polymer-basierenden Strategien nur eine Frage der Zeit, um das komplette Potenzial auch im 

medizinischen Bereich auszuschöpfen.  

Daher wurde auch das Konzept der makromolekularen Nanotechnologie in dieser Doktorarbeit 

adaptiert. Das Hauptaugenmerk lag hierbei auf dem Ziel, höher-molekulare Lösungsvermittler 

zum Auflösen von schwerlöslichen Materialien zu identifizieren und deren Einsatz im 

medizinischen Anwendungsgebiet, insbesondere im Bereich der Atherosklerose, zu evaluieren. 

Dies hat besondere Brisanz, da sich das Krankheitsbild in den letzten Jahrzehnten als häufigste 

Todesursache in der Westlichen Hemisphäre entwickelt hat. Etwa 40 % der jährlichen 

Todesfälle können auf die Anwesenheit von atherosklerotischen Plaques und deren Spätfolgen 

zurückgeführt werden. Solche Plaques bilden sich in direkter Folge von mangelhaften 

Lebensgewohnheiten an der Arterienwand und verursachen diverse Fehlfunktionen. Die 

atherosklerotischen Plaques sind äußerst komplex und stark unterschiedlich zusammengesetzt. 

Sie bestehen aus einer Vielzahl zellulärer Bestandteile sowie fettreicher als auch mineralischer 

Substanzen. Im Gegensatz zu den zellulären Elementen, deren Abbau aus biologischer Sicht 

mit großen Herausforderungen verbunden ist, wird in dieser Arbeit das hydrophobe Cholesterin 

sowie das mineralische Hydroxyapatit anvisiert, zumal diese beiden Substanzen prinzipiell 

unter spezifischen Bedingungen löslich sind. 

Die best-etablierten Behandlungsmethoden bei Atherosklerose zielen meist auf die Absenkung 

des Blutfettspiegels ab, wodurch die vorhandenen Plaques über komplex zusammenhängende 

Gleichgewichtsreaktionen indirekt reduziert werden. Im Gegensatz dazu befasst sich diese 

Doktorarbeit mit dem innovativen Ansatz, diese Plaques direkt zu adressieren und abzubauen, 

indem die Hauptbestandteile Cholesterin und Hydroxyapatit gezielt aufgelöst werden. Das 

beinhaltet die Entwicklung von multifunktionellen Block Copolymeren, die aus einzelnen 

Domänen von konträren chemischen Eigenschaften bestehen und daher die Fähigkeit besitzen 
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sollen, die Zielsubstanzen wie z.B. hydrophobes Cholesterin und ionische Moleküle zu 

extrahieren und zu komplexieren. Unter der Voraussetzung von thermodynamisch-stabilen 

Assoziaten können die abgebauten Substanzen dann über den Blutkreislauf hin zur Niere 

transportiert werden, von wo sie über den renalen Ausscheidungsweg den Körper verlassen 

sollen.  

 

Aufgrund dieser Zielsetzungen sollen die konzipierten amphiphilen Makromoleküle folgende 

physikalische und chemische Charakteristika erfüllen: 

- Selbstanordnung zu polymeren Nanopartikeln mit hoher mizellarer Stabilität, 

- hohe Aufnahmekapazität für Cholesterin (sowie ionische Substanzen), 

- Partikeldurchmesser unterhalb von 40 nm, um die Blut-Harn-Schranke zu passieren. 
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Zusammenfassung  

In dieser Arbeit wurden zwei grundsätzliche Struktur-Kategorien von amphiphilen Block 

Copolymeren synthetisiert, die aus chemischer Sicht eigene Polymerfamilien darstellen. Dabei 

handelt es sich einerseits um PEG-Peptide – beschrieben in KAPITEL 2 – und andererseits um 

Polyoxazoline, die in KAPITEL 3 beschrieben werden. Innerhalb dieser Polymerfamilien 

wurden umfangreiche Polymerbibliotheken erstellt. Über die Variation der Architektur, des 

Typs sowie der makromolekularen Zusammensetzung konnten die inhärenten Eigenschaften 

dieser Block Copolymere für eine erhöhte Aufnahme von hydrophoben Cholesterinmolekülen 

sowie von mineralischen Bestandteilen aus Hydroxyapatit optimiert werden. Die folgende 

Tabelle (Table 1.2) beinhaltet eine Auswahl bevorzugter polymerer Architekturen, deren 

Zusammensetzung, Partikelgröße, Morphologie, sowie die jeweilige Aufnahmekapazität von 

Cholesterinmolekülen. Die dargestellten Polymere sind die vielversprechendsten Vertreter ihrer 

strukturellen Untergruppe und zeigen die besten Leistungsmerkmale. 

Table 1.2. Physikalische und chemische Charakteristika der vielversprechendsten multifunktionellen Block 

Copolymere, die in dieser Arbeit entwickelt wurden. 
 

Eintrag Copolymere 
Morphologie der Polymerpartikel Cholesterin 

Aufnahme 
[wt%] Unbeladene Partikel Beladene Partikel 

   A3 mPEG113-PGlu12-PLys11(Chol)4.0 16 nm Mizellen 21 nm Mizellen 6.3 (1.4) 

   B3 mPEG113-PAsp8-PLys7(Chol)3 > 100 nm Partikel > 150 nm Partikel 3.4 (0.3) 

   C4 mPEG42-PAsp14-PLys12(Chol)5 > 200 nm Partikel > 100 nm Partikel 5.9 (0.3) 

   D7 mPEG113-PGlu12-PLys11(Cetyl)3.8 n.d. n.d. n.d. 

   E4 mPEG113-PGlu11-PIle28 20 nm Mizellen 21 nm Mizellen 14.3 (3.3) 

   N3 PMeOx28-PNonOx10 40 nm Mizellen 45 nm Mizellen 16.0 (2.4) 

. .H4 PMeOx40-PHeptadecOx8 12 nm Partikel 12 nm Mizellen 5.9 (1.4) 

   L9 PMeOx100-PLinOx5 12 nm Partikel 14 nm Partikel 10.4 (2.1) 

   F3 PMeOx46-PBuOx6(Chol)0.8 10-30 nm Mizellen 30-60 nm Partikel 23.5 (4.4) 

   G4 
PMeOx62-PynOx18(COOH)18- 

PBuOx11(Chol)2.1 
10 + 60 nm Partikel 15-20 + 100 nm Partikel 8.4 (0.6) 

       

Im Allgemeinen besitzen die Polyoxazoline-basierenden Polymere eine höhere Kapazität für 

die Aufnahme von Cholesterinmolekülen als die PEG-Peptide und sind zudem deutlich leichter 

zu synthetisieren und zu charakterisieren. Die Kapazität der Cholesterinaufnahme konnte mit 

der Polymerzusammensetzung PMeOx46-PBuOx6(Chol)0,8 (F3) auf 23,5 Gewichtsprozent 

maximiert werden, wodurch sie sich mit den gängigen Größenordnungen von etablierten Drug-

Delivery Systemen decken, deren Beladungswerte sich typischerweise zwischen 10 und 40 

Gew.% bewegen. Allerdings bedarf es für die Einbettung pharmazeutischer Wirkstoffe in das 
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polymere Trägermaterial aufwendiger Präparationsmethoden, um diese Beladungswerte zu 

erreichen. 

Nachdem die Affinitäten für die Cholesterinaufnahme verschiedener Polymerstrukturen 

identifiziert wurden, konnten die Wechselwirkungen spezifischer Makromoleküle mit 

Calciumphosphat Mineralien in KAPITEL 4 untersucht werden. Dafür wurde die maximale 

Kapazität für die Adsorption von Calciumionen mit Hilfe der Potentiometrischen Titration 

ermittelt, wobei sich das Carbonsäure-haltige Polymer mPEG-PAsp33 als Struktur mit der 

höchsten Calciumaufnahme (0.68 Ca2+/COO–) herauskristallisierte. Des Weiteren wurde die 

Fähigkeit dieser sauren Polymere zur Auflösung von Calciumionen aus dem Kristallgitter 

schwerlöslicher Hydroxyapatit Mineralien untersucht, wobei die makromolekulare Struktur 

mPEG113-PGlu12-PLys11(Chol)4.0 (A3) mit der höchsten Calciumaufnahme von 0.30 

Ca2+/COO– besonders herausstach. Schließlich wurde der Kristallisationsprozess von 

Hydroxyapatit in Anwesenheit ausgewählter Polymerstrukturen untersucht. Dabei zeigten die 

Polymere die Fähigkeit den Nukleationsprozess von Calciumphosphat signifikant zu verzögern, 

weshalb sie prinzipiell als makromolekulare Additive eingesetzt werden können, um 

bestimmten mineralischen Ablagerungen vorzubeugen. 

Die Anwendung ausgewählter Polymerstrukturen unter verschärften und anwendungsnäheren 

Bedingungen im Hinblick auf deren Verhalten in verschiedenen biologischen Umgebungen, 

wurde in KAPITEL 5 untersucht. Zuerst konnten mit Hilfe von standardisierten Alamar-Blue 

Tests etwaige zytotoxikologische Auswirkungen repräsentativer Polymerstrukturen auf die 

Physiologie von menschlichen Leber- und Nierenzellen ausgeschlossen werden. Des Weiteren 

wurde das Polymer mPEG113-PGlu12-PLys11(Chol)1.5 (A2) mit einem Fluoreszenzfarbstoff 

ausgestattet, um dessen Aktivität innerhalb lebender Leber- und Nierenzellen zu untersuchen. 

Dabei konnte der Eintrittsmechanismus in die Zelle sowie die intrazelluläre Ausbreitung der 

Polymerpartikel entschlüsselt werden. Darüberhinaus konnte im Inneren der Zellen die 

Cholesterinaufnahme in die Partikel mit Hilfe der FLIM/FRET Technik visualisiert werden, 

wodurch die Fähigkeit der Polymere zum Abbau von Cholesterin auch in biologischen 

interessanten Milieus bestätigt wurde. Des Weiteren wurde ein Polyoxazoline-basierendes 

Polymer mit einem Radionuklid ausgerüstet und die in-vivo Verteilung der Partikel innerhalb 

einer lebenden Maus mit Hilfe von radioaktiven Detektionstechniken aufgezeichnet. Direkt 

nach der Injektion verteilten sich die Partikel im ganzen Körper, konzentrierten sich mit 

zunehmender Zeit in der Blase und verließen zum Großteil nach spätestens 150 Minuten den 

Körper über die Blut-Harn-Schranke. Dieses bahnbrechende Experiment unterstreicht die 
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grundsätzliche Machbarkeit des zugrundliegenden Ansatzes dieser Doktorarbeit im Hinblick 

auf die erfolgreiche Ausscheidung der verabreichten Substanz. Zusammengefasst konnte in 

diesem Kapitel das Potenzial ausgewählter Polymere zur intrazellulären Cholesterinaufnahme 

sowie deren natürliche Ausscheidung aus dem Körper demonstriert werden. Dennoch sind 

weitere Untersuchungen für den eindeutigen Nachweis von endogenem Cholesterinabbau aus 

atherosklerotischen Plaques an lebenden Organismen notwendig. 

Die Entwicklung der Polyoxazolin-basierenden multifunktionellen Block Copolymere 

(KAPITEL 3) beinhaltete die Synthese von definierten Triblock Copolymeren mit örtlich-

getrennten Blöcken von Alkin und Olefin Einheiten. Das daraus resultierende enorme Potenzial 

dieser vielfältigen Polymerarchitektur wurde daraufhin in KAPITEL 6 durch die orthogonale 

Post-Modifizierung ausgeschöpft, indem eine Vielzahl chemischer Funktionalitäten angebracht 

wurde. Dadurch konnte eine Art modularer ‚Baukasten‘ entwickelt werden, dessen 

Anwendungen in den unterschiedlichsten Bereichen denkbaren sind. Einerseits wurden 

chemische Funktionalitäten, wie beispielsweise Thiol-, Catechol-, Alkoxysilan-, Carboxy-, und 

Amingruppen, als sogenannte Haftvermittler an das Polymer angebracht, die 

Wechselwirkungen bzw. eine Anbindung zu verschiedenen anorganischen Systemen herstellen 

sollen. Andererseits wurden die Polymere durch kleine, organische Moleküle wie z.B. geladene 

Gruppen, Hydroxylgruppen oder Fluoreszenzfarbstoffe modifiziert, sodass diese 

Funktionalitäten der späteren Oberfläche neue Eigenschaften verleihen. Einzelne Polymere aus 

diesem chemischen ‚Baukasten‘ konnten auch schon erfolgreich auf die Oberfläche von 

anorganischen Materialien wie Gold und Eisenoxid immobilisiert werden. Dies repräsentiert 

das enorme Potenzial des modularen ‚Baukastens‘, der über die orthogonale Post-

Polymerisations Modifizierung erhalten wurde, für eine Vielzahl an Anwendungs-

möglichkeiten im Bereich der Oberflächenmodifizierung sowie der Partikelstabilisierung 

gerade auch für medizinische Applikationen.  
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Ausblick 

Diese Doktorarbeit beschreibt die Pionierarbeit in der Entwicklung und Beurteilung 

verschiedenster Systeme von multifunktionellen Block Copolymeren und deren Anwendung 

als makromolekulare Lösungsvermittler für Cholesterin und Hydroxyapatit. Die 

vielversprechendsten Polymere mit den höchsten Cholesterinaufnahmewerten konnten 

darrüberhinaus in biologisch-relevanten Umgebungen positiv auf ihre prinzipielle Anwendung 

getestet werden. Dennoch ist eine weitere, tiefgründige Erforschung der Polymersysteme und 

deren biologische Interaktion unabdingbar für die abschließende Evaluierung der Substanzen 

zur Auflösung von atherosklerotischen Plaques. Dabei könnte beispielsweise die allgemeine 

Frage beantwortet werden, inwiefern die mizellare Stabilität der Polymerpartikeln im 

Blutkreislauf, also in Anwesenheit von körpereigenen Peptiden wie BSA, beeinträchtigt wird. 

Ferner ist der natürliche Vorsorgemechanismus zur Verhinderung von Atherosklerose durch 

den sogenannten Cholesterin-Ausfluss charakterisiert, welcher eine Schlüsselrolle bei der 

Absenkung des Cholesterinspiegels in der Arterienwand einnimmt. Hierbei werden 

Cholesterinmoleküle aus den Makrophagen ausgeschieden und unter Bildung von HDL 

Partikeln aus den atherosklerotischen Plaques entfernt. Im Zuge dessen könnten in vitro Studien 

in Makrophagen-Systemen Aufschluss darüber geben, zu welchem Ausmaß spezifische 

Polymere den Cholesterin-Ausfluss aus diesen „Riesenfresszellen“ auslösen können. Sollten 

diese Experimente negative verlaufen, könnten die hydrophile Partikelkorona mit ApoA-I 

ähnlichen Zentren ausgestattet werden, die bekanntermaßen als exzellente Initiatoren für den 

Cholesterinausfluss gelten.  

Im Zuge dieser Doktorarbeit konnte auch eine Kooperation mit dem Universitäts-Herzzentrum 

Freiburg-Bad Krozingen, Abteilung Kardiologie und Angiologie I unter Leitung von PD. Dr. 

Ingo Hilgendorf gegründet werden, mit dem Ziel die in vivo Reduktion der atherosklerotischen 

Plaques in lebenden Organismen im Detail zu untersuchen. Dabei sollen fluoreszenz-markierte 

Polyoxazoline, die in dieser Arbeit entwickelt wurden, in in vivo Experimenten als präklinische 

Studie zum Einsatz kommen, um dadurch grundsätzliche Aspekte wie Toxikologie, optimale 

Dosierungsparameter sowie die zeitaufgelöste Verteilung der injizierten Substanzen zu 

bearbeiten. Am spannendsten ist dabei die Untersuchung des Potenzials dieser Polymere zur 

direkten Auflösung der Plaques, wodurch die zugrundeliegende Frage nach der Machbarkeit 

beantwortet werden würde und darüber hinaus, ob diese Polymere prinzipiell als zukünftige 

Wirkstoffe gegen Atherosklerose geeignet sind. 
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