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Summary 

Drug carriers increase the therapeutic efficiency by reaching intracellular targets that remain 

inaccessible to small drug molecules; however, efficient intracellular delivery remains a key challenge 

for therapeutic as the plasma membrane strongly limits passive diffusion of proteins, peptides, and 

nucleic acids. Typically, active internalization such as transporters-mediated uptake or endocytosis are 

necessary. As a result, ideal carrier materials remain colloidally stable and show low-fouling 

characteristics in biological media such as blood, while still showing association to target cells or 

transporters and promoting cellular uptake in a controlled, stimulus-dependent manner. Ideally, complex 

and costly targeting ligands are not required. This dissertation addresses such material-design concepts 

by developing and systematically studying amino-acid-derived, pH-responsive polyelectrolytes. The 

established polymers and their investigated structure–property–function relationships provide 

information about smart molecular design to control protein interactions, membrane association, and 

cellular uptake. 

Amino acids are unique, bio-inspired building blocks for the design of functional polymers: they introduce 

chirality, offer tunable hydrophobicity and aromaticity, and contain ionizable, functional groups. On the 

one hand, their biomimetic character should reduce unspecific fouling and on the other hand 

opportunities for selective interactions with proteins/transporters and cell membranes are created. 

Across all three parts of this work, reversible addition–fragmentation chain-transfer (RAFT) 

polymerization and post-polymerization modification (PPM) are used to generate well-defined polymer 

libraries with different physicochemical properties resulting in tailored cell interactions. 

In the first publication, a synthetic strategy is established to acquire chiral, amino-acid-derived 

polybetaines, which combine both, the zwitterionic and low-fouling characteristics of polybetaines and 

the tunable chirality and diversity of side-chain moieties based on amino-acid-derived polyzwitterions. 

Using methylated lysine as a model system, the study demonstrates that permanent positive charges 

broaden the pH range over which the polymers remain zwitterionic and moderately increase 

hydrophobicity, which has an impact on protein interactions. Importantly, cytocompatibility remains high, 

indicating that the introduction of quaternary ammonium groups does not compromise biological toxicity. 

This work provides the synthetic and conceptual foundation for the subsequent studies. 

The second publication expands this platform to a series of amino-acid-derived anionic 

polyacrylamides, synthesized via PPM of an activated ester precursor. By systematically varying side-

chain hydrophobicity using different α-amino acids, e.g., glycine and leucine, the degree of 

polymerization and mass distribution are preserved. Although pKa values remain nearly constant across 

the series, hydrophobicity significantly impacts both protein complexation and cell association. More 

hydrophobic anionic polymers showed stronger interactions with positively charged proteins such as 

lysozyme and display a distinctive, slow, however, pronounced accumulation at the cell membrane 

which is an uncommon, yet interesting, behavior for anionic polymers. These findings reveal design 

features in hydrophobicity, which inversely correlated with charge density due increasing alkyl side-

chain, to facilitate controlled membrane interactions without inducing cytotoxicity. 
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Building on this, the third publication combines zwitterionic and anionic polymers to create a 

standardized library, enabling direct comparisons of charge state, hydrophobicity, and aromaticity. The 

polyzwitterions exhibited low hydrophobicity and minimal protein-fouling, while anionic, aromatic 

polymers showed reverse properties (strong hydrophobicity and polymer-protein interactions). These 

trends could be transferred to the biological scale as polyzwitterions are non-interacting with cells, 

whereas anionic, hydrophobic polymers — especially the one containing an aromatic group —display 

rapid and substantial cell association and internalization. Uptake studies reveal that these cell 

interactions are based on active cellular processes but are not strongly dependent on specific amino-

acid-transporters, suggesting more general membrane-mediated entry pathways. Confocal microscopy 

confirmed pronounced intracellular localization for hydrophobic anionic polymers, supporting their 

potential as pH-responsive carriers capable of engaging with the endosomal pathway. 

Together, the three publications focus on amino-acid-derived polyacrylamides, in which amino acids or 

amino-acid-like moieties are introduced as side-chains either directly by the monomer design before 

synthesis or via PPM of activated ester prepolymers. Consequently, a coherent structure–property 

characterization analysis for the obtained amino-acid-derived polyelectrolytes is established to 

summarize the association of side-chain hydrophobicity, charge distribution, and aromaticity. This 

information can be used to systematically tune polymers and control their pH-response, protein 

interaction characteristics, and cellular uptake. 

This dissertation provides not only a synthetic pathway strategy and a versatile, bio-inspired building 

block toolbox, but also an initial understanding of how amino-acid-derived polyelectrolytes behave at 

biological interfaces. These insights serve as the basis for designing next-generation pH-responsive 

polymers with tailored intracellular delivery capabilities and selective interactions with cancer cells, 

without relying on external targeting ligands. 
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Zusammenfassung 

Arzneistoffträger können die therapeutische Wirksamkeit erhöhen, indem sie den Zugang zu 

intrazellulären Zielstrukturen ermöglichen, die für kleine Wirkstoffmoleküle nicht zugänglich sind; 

dennoch stellt eine effiziente intrazelluläre Abgabe weiterhin eine wesentliche Herausforderung in der 

Entwicklung moderner Therapeutika dar. Ursache hierfür ist die ausgeprägte Barrierefunktion der 

Plasmamembran, die die passive Diffusion von Proteinen, Peptiden und Nukleinsäuren stark limitiert. 

Folglich sind energieabhängige Internalisierungsprozesse, wie transportervermittelte Aufnahme oder 

endozytotische Mechanismen, erforderlich, um eine zelluläre Aufnahme zu gewährleisten. Zur 

Überwindung dieses Problems werden Trägermaterialien benötigt, die in biologischen Medien kolloidal 

stabil und kaum Fouling-anfällig sind. Des Weiteren sollten diese Materialien spezifisch mit Zellen 

wechselwirken können, von der Zelle aufgenommen werden und schließlich Stimuli-responsiv und somit 

kontrolliert intrazellulär freigesetzt werden können. Idealerweise kann hier auf den Einsatz komplexer 

und kostspieliger Targeting-Liganden verzichtet werden. Diese Dissertation befasst sich mit solchen 

Materialdesign-Konzepten, indem sie aus Aminosäuren modifizierte, pH-responsive Polyelektrolyte 

entwickelt und systematisch untersucht. Die etablierten Polymere und ihre Struktur–Eigenschaft–

Funktions-Beziehungen liefern Informationen über intelligentes Moleküldesign zur Steuerung der 

Proteininteraktionen, Zellmembranassoziation und zellulärer Aufnahme.  

Aminosäuren sind einzigartige, bio-basierte Bausteine für das Design funktionaler Polymere: Sie 

implementieren Chiralität, ermöglichen eine einstellbare Hydrophobie und Aromatizität und führen 

ionisierbare Gruppen ein. Ihr biomimetischer Charakter reduziert unspezifisches Protein-Fouling und 

schafft zugleich Möglichkeiten für die selektive Wechselwirkung mit Proteinen/Transportern und 

Zellmembranen. In allen drei Kapiteln dieser Dissertation werden die Polymere mittels reversible 

Additions-Fragmentierungs-Kettenübertragung (RAFT)-Polymerisation und Post-Polymerisations-

Modifikationen (PPM) Hergestellt, um Polymerbibliotheken zu erzeugen, die Eigenschaften zur 

Zellinteraktion und den physikochemischen Charakteristika enthalten. 

In der ersten Publikation wird eine Synthesestrategie etabliert, um chirale, aminosäurebasierte 

Polybetaine zu bilden, die sowohl die zwitterionischen und geringen Bio-Fouling Eigenschaften von 

Polybetainen als auch die Chiralität und Vielfalt der Seitenkettenreste basierend auf aminosäure-

abgeleitete polyzwitterionen kombinieren. Um nur ein Modellsystem zu nennen: Bei Verwendung von 

methyliertem Lysin, ermöglichen die permanenten positiven Ladungen, dass diese Polymere über einen 

weiten pH-Bereich zwitterionisch bleiben. Des Weiteren bleibt die Hydrophobie dieses Polymers 

weitestgehend konstant, was positive Auswirkungen auf Proteininteraktionen hat. Darüber hinaus 

ermöglicht die Einführung des quartären Ammoniumzentrums im Polymer, dass die Toxizität gegenüber 

Zellen nicht negativ beeinträchtigt wird. Die Ergebnisse aus dieser Arbeit liefren die synthetische und 

konzeptionelle Grundlage für die nachfolgenden Studien. 

Die zweite Publikation erweitert die Polymerbibliothek um eine Reihe von aminosäurebasierten, 

anionischen Polyacrylamiden. Diese werden mittels PPM aus einem aktivierten Ester-Vorläufer 

synthetisiert. Durch systematische Variation der Seitenketten-Hydrophobie mithilfe von α-Aminosäuren, 
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z. B. Glycin und Leucin, bleibt der Polymerisationsgrad und die Massenverteilung konstant. Während 

die pKa Werte der einzelnen Polymere dieser Bibliothek nahezu konstant sind, beeinflusst ihre 

Hydrophobizität sowohl die Proteinkomplexierung als auch die Zellassoziation signifikant. 

Hydrophobere, anionische Polymere hingegen zeigten stärkere Wechselwirkungen mit positiv 

geladenen Proteinen wie Lysozym und eine charakteristische, langsame, jedoch ausgeprägte 

Akkumulation an der Zellmembran auf, ein für anionische Polymere ungewöhnliches Verhalten. Diese 

Resultate belegen, dass bestimmte Designmerkmale hinsichtlich Hydrophobie und Ladungsdichte 

kontrollierte Membraninteraktionen ermöglichen, ohne Zytotoxizität zu induzieren. 

Darauf aufbauend kombiniert die dritte Publikation zwitterionische und anionische Polymere in 

einer gemeinsamen Bibliothek für den direkten Vergleich von Ladungszustand, Hydrophobie und 

Aromatizität. Die zwitterionischen Polymere zeigten geringe Hydrophobie und geringes Protein-Fouling, 

während anionische, aromatische Polymere ein umgekehrtes Verhalten (ausgeprägte Hydrophobie und 

Polymer-Protein-Interaktion) aufwiesen. Diese Trends konnten auf die biologische Ebene übertragen 

werden: Zwitterionische Polymere zeigten kaum Wechselwirkungen mit Zellen, wohingegen anionische, 

hydrophobe Polymere – insbesondere das Polymer mit aromatischen Gruppen – eine erhöhte 

Zellassoziation und Internalisierung aufwiesen. Zellinteraktionsstudien belegen, dass diese 

Wechselwirkungen auf aktiven, zellulären Prozessen basieren, jedoch unabhängig von spezifischen 

Aminosäuretransportern sind. Dies legt nahe, dass die intrazelluläre Aufnahme der Polymere über 

membranvermittelte Eintrittswege stattfindet. Konfokale Mikroskopie festigt dies, durch die intrazelluläre 

Lokalisation hydrophober anionischer Polymere im Zytosol und untermauert damit das Potenzial der 

pH-responsiven, polymerer Trägermaterialien. 

Alle drei Publikationen befassen sich mit aminosäurebasierten Polyacrylamiden, bei denen 

Aminosäuren oder aminosäureähnliche Motive als Seitenketten entweder direkt über das Monomer 

Design oder über PPM einer aktivierten Ester-Vorstufe des Polymers eingeführt werden. Folglich wird 

eine kohärente Struktur–Eigenschaft-Charakterisierungsanalyse aus den synthetisierten, 

aminosäurebasierten Polyelektrolyten abgeleitet, um die Assoziation von Seitenketten-Hydrophobie, 

Ladungsverteilung und Aromatizität zusammenzufassen. Diese Informationen können genutzt werden, 

um Polymere systematisch zu variieren und ihre pH-Response, Proteininteraktionseigenschaften und 

zelluläre Internalisierung gezielt zu steuern. 

Damit liefert diese Dissertation nicht nur Synthesestrategien für aminosäure-basierte Polymere und eine 

vielseitige, bio-inspirierte Baustein-Bibliothek zur Polymerisation und Postmodifikation, sondern auch 

ein grundsätzliches Verständnis dafür, wie sich aminosäure-basierte Polyelektrolyte an biologischen 

Grenzflächen verhalten. Diese Erkenntnisse bilden die Grundlage für das Design pH-responsiver 

Polymere der nächsten Generation mit maßgeschneiderten, intrazellulären Freisetzungseigenschaften 

und selektiven Interaktionen mit Krebszellen – ohne auf externe Ziel-Liganden angewiesen zu sein. 
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1 Introduction 

1.1 Rationale 

Cancer cells and tissue show some abnormal behavior as compared to healthy tissue, e.g., acidic pH 

in their micro-environment, high level of glutathione, and hypoxic called biomarkers for cancer cells.1 

Breast cancer is one of the most prevalent cancers among women and ranks second in cancer-related 

mortality after lung cancer. According to global cancer statistics, breast cancer has become the most 

common tumor worldwide, with approximately 2.26 million new cases and 685,000 deaths reported in 

2020.2 However, achieving effective chemotherapy remains challenging due to factors such as 

insufficient drug accumulation at the tumor site (i.e. therapeutic efficiency), rapid systemic clearance, 

dose-limiting toxicity and side effects.3  

To address these limitations, active research over the past six decades has focused on designing drug 

carriers to improve the solubility and bioavailability of hydrophobic drugs in drug delivery applications.4–

6 Great achievements were made in applying carriers for various pharmaceuticals such as drugs, 

antibodies, peptides, enzymes, with improved delivery and efficacy.7 One example being lipid-based 

approaches where bioavailability of drugs is enhanced, therefore improving the therapeutic efficiency.8,9 

Nevertheless, several disadvantages exist, such as drug leakage, low drug loading capacity and poor 

stability in case of liposomes.10 Therefore, polymer-based nanoparticles were utilized in numerous 

studies to enhance oral bioavailability and to achieve rapid absorption of poorly soluble drugs.11 Despite 

substantial progress in design of drug carriers, nonspecific biofouling remains a major challenge, 

hindering the performance of therapeutic systems.12,13 Biofouling refers to the spontaneous and 

undesirable adsorption of biomolecules and cells onto material surfaces ‒ such as polymer-based 

nanoparticles ‒ which can lead to drug carrier or device failure. When, in the first fouling step, non-

specific proteins adhere to the material surface, they form a protein corona that alters surface properties, 

triggers immune recognition, and accelerates clearance by the reticuloendothelial system.14 This 

process results in reduced circulation time, premature drug release, and potential adverse immune 

responses. Therefore, it is crucial to develop drug carriers which can resist nonspecific biofouling for 

improving drug delivery efficiency and biocompatibility.  

In recent years, poly(ethylene glycol) (PEG) achieved great attention due its exploitation of the enhanced 

retention permeation (EPR) effect as it allowed accumulation of its nanocarriers at cancerous cells.15 

Owing to the nonionic, hydrophilic, and water-soluble nature of PEG polymer, it was widely used as 

antifouling material.16 However, PEGylated nanoparticles lose their long circulation property after 

repeated intravenous injection because of the accelerated blood clearance phenomenon where anti-

PEG immunoglobulin antibodies are created.17–20 In addition, PEG shells can hinder the desired 

interaction between nanocarriers and cell membranes, which reduces the endocytosis and endosomal 

escape efficiency of drugs.21,22 Furthermore, PEG is reported to be easily destroyed by oxidation in the 

presence of transition metal ions and oxygen, which severely impairs the antifouling property of PEG 

during prolonged usage or storage.23–25 Therefore, it is urgently needed to develop alternative materials 

to address the physiological barriers during drug delivery and further enhance the therapeutic efficiency. 
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Biobased nanoparticles have emerged as a pivotal component in modern drug delivery, attracting 

considerable attention in recent years. Derived from natural sources or synthesized to mimic biological 

structures, these materials offer distinct advantages for therapeutic applications. Their inherent 

biocompatibility and versatility enable precise, targeted drug delivery, minimizing off-target effects and 

thereby improving treatment efficacy and patient outcomes.26 In particular, within cancer therapy, 

biobased nanomaterials show remarkable potential for selective drug delivery and targeting. By 

functionalizing their surfaces with specific recognition molecules, they can be engineered to identify and 

bind selectively to cancer cells, allowing drugs to be delivered directly to malignant tissues while sparing 

healthy ones and enhancing overall therapeutic effectiveness.27 The structural diversity of 

polyelectrolytes which can be based on biobased materials ‒ such as amino acids ‒ bring a broad range 

of functionalities beyond nonspecific biofouling, which might give different bioactive functionality and, 

therefore, would be an useful platform for drug delivery applications due their biocompatibility and 

molecular versatility.28,29 

While structural modifications of the therapeutically active drugs are limited to not compromise their 

therapeutic efficiency, (polymeric) drug carriers can be tailored regarding their size30, shape31,32, 

hydrophilicity33, surface chemistry34 or stimuli-responsiveness35,36. This, together with recent research 

developments and the continuous lack of tissue specific medications for cancer treatment leads to an 

urgent need for further exploration of these treatments to not only improve the therapeutic success but 

also to reduce the severe side effects in patients.37 In this regard, polyelectrolytes have proven to be an 

interesting platform to design tailored drug carriers in order to tackle the issues towards tissue specific 

drug delivery.38  

1.2 Polyelectrolytes 

According to the IUPAC nomenclature, a polyelectrolyte is defined as a “polymer composed of 

macromolecules in which a substantial portion of the constitutional units contains ionic or ionizable 

groups, or both.”.38 generally, polyelectrolytes can be classified into four different categories: (i) 

polyanions, which contain anionic groups; (ii) polycations, which contain cationic groups; (iii) 

polyampholytes, which contain both anionic and cationic groups; and (iv) polyzwitterions, a unique type 

of polyampholyte in which anionic and cationic groups are present in each monomer unit (Fig 1).39 Due 

to the high charge density and complex interactions with their surroundings, polyelectrolytes exhibit 

unique properties that makes them interesting polymer group to investigate.  

It is well established that cellular uptake of positively charged polymers (e.g. nanoparticles) is preferred 

over those comprising a negative charge.40 However, both are susceptible to biofouling equally in 

physiological environment. Thus, utilizing the antifouling property of polyzwitterions can improve the 

therapeutic efficacy of drug carriers. The pH-dependent surface charge can be modulated to introduce 

longer circulation times while the surface charge conversion ability can increase cellular uptake by 

cancer cells due either positive charge or increase in hydrophobicity upon stimulation by the inherently 

different properties of cancer cells compared to normal cells.41–43 
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Figure 1. Schematic structures and examples of different polyelectrolytes and representative chemical structures 
of exemplary polymers. Cationic charges are highlighted in red ad anionic ones are highlighted in blue. Adapted 
and used with permission under a Creative Commons CC_BY 4.0 license from ref 39. Copyright 2025 

Biomacromolecules.  

The diverse applications and interactions of polyelectrolytes create a vital area of research as will be 

discussed throughout this introduction. In this chapter we will dive deeper into their synthetic routes, 

properties and applications for which they have shown very promising results. However, polycations and 

polyampholytes will be mentioned briefly for the sake of comprehensiveness and completeness, as they 

are not part of the research in this work. Polyanions and polyzwitterions will be discussed in more detail, 

as they are directly relevant to the scope of this work. 

1.2.1 Synthesis of polyelectrolytes 

In general, polyelectrolytes can be either of (semi)synthetic or of natural origin.39 Examples of natural 

polyelectrolytes are polysaccharides44, gelatin45, proteins46, and (deoxy)ribonucleic acid (DNA/RNA)47 

which can be modified for various applications48. Apart from them, all polyelectrolytes follow a synthetic 

or semi-synthetic approach49. In the following part, the synthetic approaches of polyelectrolytes are 

discussed with emphasis on the approaches which are more frequently used during this work. 

Additionally, some part will largely be inspired by the review ‘Smart, Bio-Inspired Polymers and Bio-

Based Molecules Modified by Zwitterionic Motifs to Design Next-Generation Materials for Medical 

Applications‘50 to which I contributed by discussing the synthetic approaches towards polyzwitterions 

(see §1.2.1.3).  
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1.2.1.1 Polycations 

The preparation of polycations via ionic polymerization techniques, generally, requires the use of 

protecting groups to mask potentially interfering moieties. In contrast to ionic polymerizations, radical 

polymerization techniques feature a higher tolerance toward functional groups.51 For example, 

monomers with pendant tertiary amines are perfectly suitable for radical polymerizations. In contrast, 

primary and secondary amines need to be protected with protecting groups as described above to 

enable RAFT polymerization, which is sensitive to aminolysis of the chain transfer agent (CTA).51 The 

polymerization of, e.g., protected amino acid-derived monomers to obtain amino acid-derived 

polycations was performed by De et al.52 In the following section, additional, synthetic strategies for 

commonly used polycations in polymer nanomedicine are briefly outlined to provide a comprehensive 

overview of polyelectrolytes, despite polycations not being part of the practical scope of this thesis, the 

polymerization methods are described in more detail in §1.2.1.2 to avoid repetition. 

For decades, polyethyleneimine (PEI) was considered the golden standard for polymeric gene 

transfection. It can by synthesized from ethyleneimine (aziridine) or 2-oxazoline monomers, leading to 

branched or linear polymeric backbones, respectively.53 The polymerization of aziridine was investigated 

by Zomlefer et al. and proceeds via the cationic ring opening of aziridine, leading inevitably to branched 

chains with primary, secondary, and tertiary amino groups.54 The general mechanism is initiated by an 

electrophilic attack of a Lewis acid (or protons) on an aziridine monomer (Scheme 1A). The generated 

active aziridinium ion is easily attacked by a nucleophilic species to yield the ring opened product. In the 

case of aziridine as the nucleophile, the resulting product contains a secondary amino group and a new 

aziridinium species at the terminus. Multiple consecutive attacks of aziridine results in the linear 

propagation of the chain. However, the secondary (and tertiary) amino groups generated during 

polymerization may also react and consequently lead to branched structures55. Synthesis of linear PEI 

is performed by cationic ring-opening polymerization of a 2-oxazoline yielding the corresponding 

acylated linear PEI (Scheme 1B)56–58. The obtained polymer was further subject to acidic59,60 or alkaline 

hydrolysis61 to yield the desired linear PEI. 

 

Scheme 1:  Synthesis of polyethyleneimines: 
                   A) Branched poly(ethylene imine) via polymerization of aziridine 
     B) Linear poly(ethylene imine) via polymerization of substituted 2-oxazolines 
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Poly(β-amino ester)s were introduced in 2000.62 They are synthesized via a one-pot, atom-economic 

Michael addition of amines to acrylates, without production of any side products. This synthesis route 

provides a convenient way to construct an enormous library of polymers with different structures for 

potential modifications and applications.63 

Poly(L-Lysine) is a synthetic biopolymer which is commonly synthesized via three different routes: (i) 

solid phase peptide synthesis64, (ii) ring-opening polymerization65,66 and (iii) chemo-enzymatic 

synthesis.39 The technique of choice depends on the requirements of the product as each technique 

yields different molar mass (distribution) and purity.39 

Poly(N-isopropylacrylamide) and other poly(meth)acrylates featuring tertiary amines have gained 

attention due to their responsiveness to pH and temperature and their potential to act as gene delivery 

vectors, facilitating endosomal release while maintaining considerably high biocompatibility.67–69 These 

polymers are generally prepared in a straightforward manner via radical polymerization techniques 

(atom transfer reversible polymerization (ATRP) or RAFT polymerization).70,71 However, synthesis via 

anionic polymerization72 was also established in the past. 

1.2.1.2 Polyanions 

• Radical polymerization 

Polyacrylic acid (PAA) finds its applications in numerous fields such as drug delivery73, 

superabsorbers74,75 and adhesive hydrogels76. PAA is commonly prepared using radical polymerization 

techniques, e.g., free radical polymerization77 or in a more controlled manner via reversible-deactivation 

radical polymerization (RDRP) if polymers with a narrow dispersity (Đ) are required.78 From all RDRP 

methods, RAFT polymerization79 is the most suitable for our purposes as it features a high tolerance 

towards functional groups and as a result compatible with carboxylate functional groups and acidic 

reaction conditions (f.e. acidic deprotection conditions).80,81 

RAFT polymerization was first reported in 1998 and since then has grown into one of the most versatile 

and powerful techniques used for the synthesis of polymers.82–84 This RDRP has an equilibrium between 

dormant and active chains which is maintained by degenerative transfer.85 The RAFT polymerization 

mechanism is depicted in Scheme 2. First, the initiator decomposes into radicals (step I) which 

subsequently generate monomer radicals with formation of propagating radicals (step II). The 

propagating radicals add to the RAFT agent (e.g. CTA), which is favored compared to chain growth due 

to the highly reactive C=S bond (steps III), entering an equilibrium between active and dormant species 

(steps V). The core of the RAFT process lies in degenerate chain transfer steps, involving the reversible 

exchange of the functional chain end group. Typically, the end group is a thiocarbonylthio moiety (Z–

C(=S)–S–R) which promotes fast chain transfer between dormant chains (Z–C(=S)–S–Pn) and 

propagating radicals (Pm
•). For efficient control, the addition–fragmentation equilibrium (Pm

• + Z–C(=S)–

S–Pn ↔ Pn
• + Z–C(=S)–S–Pm) must proceed faster than monomer propagation (Pn

• + M), ensuring that 

less than one monomer unit is incorporated per activation cycle.51 This provides equal probability for all 

chains to grow and allows for the production of narrow Đ polymers.86  
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Scheme 2: Proposed Mechanism of Reversible Addition−Fragmentation Chain Transfer Polymerization. Used 

with permission from Ref 51. Copyright 2017 Macromolecules 

Generally looking for optimal control in RAFT polymerization requires choosing an appropriate CTA for 

the monomer(s) and reaction conditions. The Z and R groups both play a critical role as they determine 

the rate of addition and fragmentation and therefore control efficiency of chain transfer and the likelihood 

of retardation or inhibition. The Z-group is chosen to tune the thiocarbonylthio reactivity and stabilizes 

the intermediate radical, thereby setting the rates/selectivity of addition and fragmentation. The role of 

the R-group is much more subtle and affects the RAFT through its influence on the radical addition to 

the CTA, since the S-R group influences the C=S activity in a similar way to a S-alkyl Z group. Secondly, 

fragmentation from the intermediate formed should go fast, therefore the R-group must be a sufficient 

leaving group to fragment, and lastly, R• must rapidly reinitiate propagation (step IV) to ensure all chains 

are initiated in the same time frame to prevent retardation and obtain a narrow molecular weight 

distribution. Thus, the R-group needs to keep a fine balance between radical stability and steric effects 

or differently the R-group must form a radical stable enough to be formed, and reactive enough so that 

it can add to a monomer. Typically, good R-groups are groups that mimic monomer radicals or thermal 

initiators such as azobisisobutyronitrile.51,87 As a result, The CTA is tailored in a way that all polymer 

chains can maintain a similar degree of polymerization (Xn) at any given time, resulting in polymers with 

low Đ.  

Additionally, however of less importance for this work, one can perform end-group modifications by 

exploiting the versatility of the polymer chain end functionalization. The thiocarbonylthio end-group can 

be reduced to a thiol, by either hydrolysis or aminolysis which enables a number of nucleophilic or radical 

functionalizations, e.g., dye labeling.88 In our purposes, however, the thermal and chemical stability of 

the RAFT end group is of greater importance, as aminolysis and hydrolysis can still occur under certain 

conditions, and subsequent side reactions, such as the formation of disulfide bridges between polymer 

chains may take place following thiol generation. The most effective process for complete removal of 

the thiocarbonylthio group is either thermolysis or radical-induced transformation. The last one provides 

both end-group removal and functionalization.89 The process uses the reactivity of the thiocarbonylthio 
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group towards a radical generated in situ followed by its fragmentation. In the absence of monomer but 

in the presence of either a radical trap (e.g., radical initiator) or hydrogen donor, the radical is trapped 

by a functional group or hydrogen, respectively.89,90 

Similar to PAA, other polyacrylic acids91 can be obtained by radical polymerization of commercially 

available monomers such as methacrylic acid92 or synthesized like ethyl and propyl acrylic acid93. 

Anionic polyacrylamides can also be obtained by radical polymerization, using their synthesized 

monomeric equivalents with94 or without95,96 protecting groups. For example, various amino-acid-

containing monomers can be prepared by the reaction of (meth)acryloyl chloride with amino acids such 

as phenylalanine97,98, alanine99 and proline100 which can be directly polymerized by RAFT to obtain well-

defined amino-acid-derived polyanions.101 

By using protecting groups, one can also polymerize the precursor tert-butyl acrylate, with subsequent 

acidic hydrolysis, via nitroxide mediated polymerization102 or ATRP which are also RDRP reactions.103–

105 Here, a precursor monomer is often required as ATRP is incompatible with carboxylic acids, as 

carboxylic acids tend to complex the cupper catalyst.103,106 However, successful ATRP of amino acid 

vinyl monomers comprising carboxylic acids has also been demonstrated.107,108 In the case of nitroxide 

mediated polymerization was found that broadening during polymerization of acrylic acid happened, due 

creation of dead chain as the acid groups degraded the nitroxide end groups and, therefore, 

polymerization of the precursor is a more viable option.102 

• Post-polymerization modification (PPM) 

Despite the versatility of direct polymerization methods, the synthesis of the functional monomers often 

requires multiple synthetic steps52 or is even impossible to obtain. Therefore it can become impractical 

to obtain a targeted polymer via direct polymerization. This limitation, together with possible 

incompatibility of functional groups with the opted polymerization method or limited solubility of the 

monomers109 can be circumvented by using the PPM approach as a robust alternative strategy (Scheme 

3).42,110 In this approach a prepolymer is functionalized through a post-polymerization reaction to yield 

the polymer with the desired side-chain functionality without the hurdle of making the monomer 

resembling structure. The most attractive prepolymers for these reactions have an activated ester 

functionality in the side-chain as it combines a robust prepolymer with reliable and controllable amide 

formation.110 Although, it should be noted that PPM procedures with non-activated ester functional 

groups are also reported using coupling agents such as 1,5,7-Triazabicyclodec-5-ene42 or 4-(4,6-

dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride.111 Additional advantages of this approach 

is that at the same time any additional functional group can simultaneously be incorporated, e.g., i) to 

track the distribution of the final polymer in the body via fluorescent dyes or radioactive labels112–115, ii) 

to further stabilize the self-assembled structures by core-crosslinking113,114 or iii) to introduce active 

targeting units.114,115 Further, the synthesis of polymer libraries with identical Xn and Đ but different 

functional side-chains is nearly impossible without the PPM approach. Using this approach, one can 

prepare these libraries, even on a high throughput level,116,117 from the same prepolymer which allows 

us to draw conclusions on structure-property relationships which are detrimental in this work.  
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Scheme 3: Schematic Representation for the Synthesis of Functional Polymer by PPM and Direct Polymerization. 
Used with permission from Ref 110. Copyright 2016 American Chemical Society 

Using RAFT polymerization, one can synthesize narrowly distributed prepolymers without using any 

copper complexes from acrylate monomers such as pentafluorophenyl (meth)acrylate (PFP(M)A) or N-

acryloyloxysuccinimide (NAS). Moreover, polymerization using RAFT is favorable due to its tolerance 

towards the side-chain functional groups of these activated esters. The prepolymers should first be 

characterized before modification and functionalization by controlled aminolysis reactions. Generally, 

activated ester polymers are ideal prepolymers if their solubility is given in various organic solvents. This 

is particularly important, when classical macromolecular characterization methods need to be applied, 

e.g. size-exclusion chromatography (SEC). While this is not fully provided by the polymeric NAS-based 

activated ester, although being the oldest and the most regularly employed monomer.118,119 The 

polymeric PFP(M)A, first described by Théato et al.,120 commonly features higher hydrolytic stability and 

enhanced solubility in a wider range of organic solvents.120,121 Therefore, polymeric PFPA is a more 

versatile although also more expensive candidate for controlled synthesis and well-defined 

characterization.122 Reactive precursor homo and block copolymers prepared thereof are generally well-

soluble in typical organic solvents for SEC analyses.120 Additionally, the pentafluorophenylate leaving 

group facilitates subsequent reaction monitoring by 19F-nucleic magnet resonance (NMR).123 Théato et 

al. showed that the aminolysis of PPFP(M)A with primary amines reaches 100% conversion.120 It is, 

however, important to note that water-free conditions are crucial to avoid any partial hydrolysis of the 

reactive ester block during the aminolysis, as a study by Zentel et al. showed partial hydrolysis with 3% 

water content in the reaction solvent.122  

Another solution to solubility issues of NAS is its copolymerization which offers a powerful strategy to 

combine the desirable properties of two distinct polymers into a single polymer. In this context, the 

copolymerization of NAS with hydrophilic comonomers, such as N-acryloylmorpholine (NAM), can yield 

water-soluble reactive polymers.110 Therefore, the kinetic studies of NAS with aqueous soluble NAM 

during both free radical copolymerization and controlled RAFT polymerization were previously 

performed. The reactivity ratios (rX) during free radical copolymerization, initiated by 

azobisisobutyronitrile in 1,4-dioxane at 60°C, were determined to be rNAS = 0.63 ± 0.03 and rNAM
 = 0.75 

± 0.01, indicating that the NAM/NAS pair copolymerizes in a statistical way with a very low compositional 

drift.124 The kinetic study of NAM/NAS pair copolymerization using RAFT in the presence of tert-
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butyldithiobenzoate as CTA showed similar kinetic behavior as the free radical copolymerization of the 

pair.125 As PNAM, is a non-ionic hydrophilic polymer, it has shown low toxicity, unspecific cell association 

and a low incidence of provoking immunological reactions in vivo. Different NAM/NAS monomer ratios 

can give statistical distributed copolymers which can be used as pre-polymers to synthesize antifouling 

polyanions with tunable charge densities. The incorporation of NAM in different ratios can tune the 

surface characteristics and therefore potentially its behavior in vitro and later in vivo.126–128  

1.2.1.3 Polyzwitterions 

Within the broader family of polyelectrolytes, polyzwitterions contain oppositely charged cationic and 

anionic groups along the chain or side-chain of one macromolecule. To this end, the charge 

stoichiometry of the resulting polymers can be equal or an excess of one type of charge.129 

Polyampholytes, on the other hand, contain opposite charges on separate repeating units distributed 

throughout the chain (Fig 1).130 Polyampholytes can be synthesized in an alternating, statistical, or block-

like manner where on the other hand polyzwitterions contain zwitterionic units within one repeating unit. 

McCormick et al. wrote an extensive review on the synthesis of polyzwitterions up to 2002131 while 

Kudaibergenov et al. published a chapter on the synthesis, characterization, and application around the 

subclass polybetaines in 2006.132 Laschewsky published the last synthesis specific review about 

polyzwitterions in 2014.133 Like others, our group published a review about polyzwitterions which goes 

more in depth on other aspects of this interesting polymer class, such as its potential towards medical 

applications in our case. In this introduction, a comprehensive overview of the synthesis towards these 

polymers is also given for the sake of completeness.50 

Most polyzwitterions that have been studied in biological environments are polysulfobetaines, 

polycarboxybetaines (PCBs), and polyphosphobetaines which is why the whole category is often 

referred to as polybetaines (PBs) (Scheme 4).134 Furthermore, zwitterionic betaines are frequently found 

in nature as well, e.g., in microorganisms, plants, and animals.135 In the human body, betaines are not 

part of the protein synthesis itself, but rather serve to post-modify biomolecules with methyl groups 

during transmethylation mechanisms.135 There are many examples of how the zwitterionic betaines are 

obtained where alkylation of amines is the most performed coupling reaction.131,133 In detail, tertiary 

amines such as 2-(dimethylamino)ethyl methacrylate contain target sites for chemical functionalization 

with lactones via ring opening alkylation to obtain CB monomers.136,137 In addition, reactions with 2-

alkoxy-2-oxo1,3,2dioxaphospholanes138 and sultones139–141 allow for the covalent linkage of phosphate 

and sulfate group to obtain phosphobetaine and sulfobetaine, respectively. Polymerization of 

zwitterionic betaine monomer derivates can be achieved using free radical polymerization142, reversible 

deactivation radical polymerization143, ring opening metathesis polymerization136,144 or step-growth 

polymerization145 (although applied rarely). Also here, the PPM approach has also proven itself helpful 

to synthesize polyzwitterions. One prominent example is the PPM of poly(2-(dimethylamino)ethyl 

methacrylate) (PDMAEMA) via ring opening of sultones146–148 and 2-oxo-dioxaphopholanes149,150. 
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Scheme 4: Structures of polybetaines (top) and ATRP of DMAEMA followed by PPM of PDMAEMA using 1,3-

propanesultone in THF at 25°C  (bottom). 

There are also phospholipids in the human body carrying zwitterionic charges – namely 

phosphatidylcholine (PC), phosphatidylethanolamine and phosphatidylserine. A general trend in 

synthesis is the formation of polymerous analogues, in this case of phospholipid-based ones. For 

example, Nakaya et al.138 reported that various phospholipid analogous monomers made from starting 

compounds such as 2-chloro-2-oxo-1,3,2-dioxaphospholane. It was now possible to synthesize vinylic 

monomers and polymers carrying phospholipid analogues in both, the side and the main chain. The 

most commonly used vinylic analogue, 2-methacryloyloxyethyl-phosphorylcholine (MPC), is 

commercially available and can be easily polymerized via various radical polymerization techniques.151–

154 Alternatively, phospholipid moieties can be integrated by end-group functionalization using PPM155, 

modified via the CTA in a RAFT synthesis156 or by an initiator in ATRP157,158. Moreover, step growth 

polymerization was performed to obtain PC polymer analogues by the reaction of diisocyanates with 

zwitterionic diols159 or dibrome with a zwitterionic dichloride.145 

In nature, zwitterionic amino acids can be defined as organic acid molecules that also carry at least one 

amino group. If one of the amino groups is attached to the α-carbon (relative to the carboxylic group), 

the amino acid will be an α-amino acid.160 In addition, a specific side-chain can be connected to the 

carbon atom which differs depending on the amino acid. The side-chain opens a toolbox providing 

further charge, by other carboxylic (e.g., glutamic acid, aspartic acid) and amino moieties (e.g., lysine, 

arginine, histidine) or contributing to a hydrophilic (e.g., serine, cysteine) / hydrophobic character (e.g. 

glycine, alanine, leucine).161 Proteinogenic amino acids, which are amino acids that are incorporated 

into proteins, offer a huge range of building blocks, which are well-known to be found in different classes 

of biomolecules.162 Typically, the formation of those long chain structures in the human body occurs 

during a condensation reaction. Of course, the resulting biomolecules are degradable by hydrolysis (i.e., 

proteolysis) as well to reconstitute single amino acids again.163 The condensation pathway is 

problematic for the formation of polyzwitterions as the zwitterionic head groups are covalently linked. To 

assist in the synthesis of amino acid functionalized monomers and their polymerization, Kempe et al. 

wrote a guideline towards synthetic strategies to obtain both main-chain as well as side-chain amino 

acid functional polymers.164 To produce zwitterionic materials, it is aimed at having the charged moieties 

of amino acids as a side-chain and linking them via residue groups. Several modification strategies work 

towards monomers to obtain side-chain amino acid functionalized polymers, such as first: amino-acid-



1 Introduction | 11 

 

functionalized165,166 or amino-acid-like norbornenes (e.g., polymerized via ring-opening metathesis 

polymerization)167 with electrostatically charged structures. They can be obtained by a Steglich coupling 

of the amino acid α-carboxylic moiety with 5-norbonene-2,3-endo,endo-dimethanol168 (Scheme 5A) or 

reaction of the amino acid α-amino moiety with 5-norbonene-2,3-endo,endodicarboxylic anhydride 

(Scheme 5B) to create (novel) molecular zwitterionic structures.169  

 

Scheme 5:Synthesis of amino acid-derived norbornene monomers. A) bis-functional ester norbornenes.  
B) monofunctional imide norbornenes. (EDC.HCl: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid-hydrochlorid; 

DMAP: 4-Dimethylaminopyridin; R.T.: room temperature; NEt3: triethylamine; MeOH: methanol)  

Secondly, amino acid-derived poly(meth)acrylamide or poly(meth)acrylates (e.g., polymerized via 

radical polymerization)170 can be made to obtain protein or peptide mimicking structures. Various 

synthetic strategies are known to obtain these monomers. The first synthetic strategy is via Steglich 

esterification where the unprotected carboxylic acid of a (protected) amino acid is conjugated to a 

commercially available hydroxy-functionalized vinyl monomers, such as, 2-hydroxylethyl acrylate (HEA), 

2-hydroxyethyl methacrylate (HEMA), 2-hydroxyethyl acrylamide (HEAAm) or N-(2-

hydroxyethyl)methacrylamide (HEMAA) to obtain an acrylic, methacrylic, arcylamidic or methacrylamidic 

monomer, respectively.170,171 Scheme 6A shows an example for the Steglich esterification method. The 

second strategy is a substitution reaction of activated vinyl compounds (eg. acryloylchloride) with the 

remaining free functional group (f.e. ε-amine group for lysine) after chelation of the α-amine and 

carboxylic acid group of the amino acid (Scheme 6B).36,172,173 The acyl substitution is followed by a 

decomplexation step. This strategy has been used to synthesize monomers made from lysine172, 

serine36 and ornithine173,174. The last and most employed strategy to make amino acid-based monomers 

is reaction between the free amine of an amino acid with (meth)acryloyl chloride where the side group 

is protected in case it is not orthogonal towards the reactivity of the amine (scheme 6C).175 In this 

approach the (possibly) protected groups and carboxylic acid group of the amino acid are preserved 

which therefore more often results in anionic monomers.98  
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Scheme 6: Synthesis of amino acid-derived (meth)acrylate monomers. A) Steglich esterification of amino acid 
with 2-hydroxylethyl acrylate (HEA), 2-hydroxyethyl methacrylate (HEMA), 2-hydroxyethyl acrylamide (HEAAm) or 
N-(2-hydroxyethyl)methacrylamide (HEMAA). B) substitution reaction after Cu-complexation. C) direct substitution 

of acryloyl chloride with amino acid having protection groups. 

Alternatively one can obtain amino acid functionalized polymers by the PPM approach, already 

discussed in §1.3.1.1.2 using e.g., amidation of activated esters110, amino acid-derived monomer 

synthesis allows the formation of highly diverse classes of zwitterionic molecules164. 

1.2.2 Polymer properties 

Polymers offer the opportunity of unlimited architecture designs with chemical variation, scalability and 

simple storage conditions.176 Herein, chemical variation enables to tune and introduce material 

properties including hydrophobicity, stimulus responsiveness, and phase-transition behavior. Such 

control can be achieved by adjusting parameters such as the Xn, Đ, and microstructure or more directly 

through the choice of molecular building blocks (i.e. monomers). As shown in the previous chapter, 

amino acids and other charged compounds form attractive starting materials, as they provide 

straightforward access to polymers with well-defined cationic, anionic or zwitterionic polymers that yield 

specific polymer properties.  

1.2.2.1 Polycations 

Polycations are well known for their ability to condense biological anions (e.g., DNA, RNA, or proteins) 

through electrostatic interactions to form polyplexes (Fig 2). The nanoscale polyplexes are described by 

their ratio of cationic (e. g. nitrogen (N)) moieties and anionic (e. g. phosphate (P)) moieties. Polyplexes 

with N:P ratio > 1 have net cationic charges which facilitate the transfection of these biomolecules into 

target cells as non-viral transfer systems and make them interesting as polymeric antimicrobials.177–179 

However, toxicity and immunogenicity remain major concerns associated with cationic moieties, 

representing a key barrier to the clinical translation of such delivery systems. The mechanism 

responsible for its toxicity is poorly understood, although two main pathways have been proposed: a 

surfactant-like disruption of the cell membrane180 and acid-catalyzed hydrolysis of phospholipids.181,182 

In this context, Thanou et al. systematically studied the effect of molar mass on cytotoxicity for PEI and 
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poly(L-lysine). The study showed a clear correlation between higher molar mass and increased 

membrane damage. Using liposome hydrolysis experiments, they further demonstrated that hydrolysis 

of phospholipids could act as the initial step of toxicity, potentially opening a non-endocytic entry route 

into cells.183  

 

Figure 2: Formation of Polyplexes. Used with permission from Ref 184. Copyright 2012 Elsevier 

Polycations typically interact with biological membranes through (1) hydrophobic interactions between 

hydrophobic moieties in amphiphilic polycations and lipid bilayers, (2) hydrogen bonding between 

polymer donor groups and PC head groups185, and (3) electrostatic attraction between their positive 

charges and the negatively charged cell surface186 

After transfection through the cell membrane, polyplexes need to overcome or escape the lysosomal 

entrapment. Overcoming lysosomal entrapment may happen when polyplexes are internalized by 

fusion. If endocytic internalization happens, it is important to escape the lysosome vesicles to prevent 

recycling or enzymatic degradation and to transport the genetic material closer to its site of action.187 

Escape can be assisted by polycations, however different theories are proposed for the mechanism 

behind it. The proton sponge effect was used to explain the highly efficient transfection performance of 

PEI.188 Here, their efficiency is believed to rely on the protonation of the amino groups within the 

endosome caused by adenosine triphosphatase-driven proton accumulation following passive chloride 

influx and osmotic swelling. The extensive endosome swelling should eventually cause rupture.188 The 

ability of cationic polymers to act as a “proton sponge’” was also proven by other cationic polymers with 

high buffer capacities over a broad pH range including polyamidoamine189 and PDMAEMA.190 More 

recent research, such as mathematical calculations191–193 and transmission electron microscopy 

imaging194,195 studies indicated a endosomal release through “membrane-pore” or “nanoscale hole” 

formation. In summary, endosomal escape happens by a charge-driven polyplex-membrane interaction 

leading to local membrane destabilization/nanoscale hole formation where the polyplex can be released 

into the cytoplasm. Important to notice is that here the endosome is kept intact during and after escape 

compared to the “proton sponge” theory.196 Furthermore, one proposed that the endosomal release was 

supported by membrane disruption or nanoscale pore formation of dissociated free polycations.180 

After successful endosomal escape, the cargo needs to be released from its carrier and transported to 

its site of action. In case of various RNA types, like small interfering RNA and messenger RNA, the 

release within the cytoplasm is sufficient to enable interaction with the RNA-induced silencing complex 

in order to exert their silencing activity.197 In contrast, plasmid DNA has to cover a relatively long distance 

through the cytoplasm to reach the nucleus. Thereby increasing the chance of enzymatic degradation 

by nucleases.198 Furthermore, naked DNA moves by Brownian motion and therefore highly inefficient 

depending on the site of release as well as the size of DNA.199,200 As polycations are electrostatically 
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bound to the biological anions, difficulties can occur during release. Therefore, biodegradable 

polycations are a good option however the primary challenge with these kinds of polymers is balancing 

their degradation rate with their therapeutic efficacy.39 

Poly(β-amino esters) are an example of biodegradable polyesters and first introduced for gene delivery 

by Langer et al.62 Their ester bonds in the backbone structure undergo hydrolysis in aqueous conditions, 

making poly(β-amino esters) less toxic than other non-degradable cationic polymers. This allows a 

higher amount of polymer to be used without concerns of toxicity.201 Hydrophilic degradation facilitates 

fast release of the cargo, although there are different features that can be tuned to control the rate of 

degradation, including molar mass and hydrophobicity.202,203 Schubert et al. showed that introducing 

hydrophobic groups making amphiphilic polymers, results in polymers that outperform pure 

polycations.204  

1.2.2.2 Polyanions 

Polyanions are often formed of polycarboxylates, that are negatively charged at the physiological pH 

value of blood (pH = 7.4) and, consequently, making them repulsive to the negatively charged cell 

membranes.205 To this end, the pH response of polyanions (i.e., the pKa-value) often takes place at 

physiologically relevant pH values (i.e., pH = 4−6).205 Below the pKa, they lose their charge which 

increases membrane interaction of polyanions due higher hydrophobicity. Consequently, the pH-

dependent endosomal activity of polyanions is generally considered less harmful, as they are unlikely 

to be internalized into cells via translocation of the synthetic bilayer, which often causes cell disruption.206 

Internalization of polyanions only happens when lipid membranes are faced with polyanions, which also 

contain enough hydrophobic groups.207 The polymers often prefer incorporation into the bilayer over 

self-association.208,209 Here, the additional hydrophobic forces were shown to be critical to enable the 

binding of anionic polymer to neutral and even negatively charged lipid bilayers.207 This is extremely 

interesting in the preparation of a pH-sensitive delivery system design to exhibit maximum activity under 

acidic conditions and minimal membrane perturbation where properly tuning of hydrophilic/hydrophobic 

balance of polyanions could be sufficient. As interactions such as hydrogen bonding, ionization and 

chemical composition of the polymer (e.g. presence of alkyl groups, backbone stiffness) can influence 

the conformation of polyelectrolytes208, interesting research has been done towards optimalization of 

carboxylic acid and hydrophobic units in both homo- as copolymers. 

Leroux et al. studied different methacrylic acid copolymers for their pH dependent conformational 

changes. They found that the pH responsiveness depended on copolymer’s composition. It interestingly 

showed that enough hydrophobic ethyl acrylate units and sufficient low pH/high protonation was needed 

for efficient membrane destabilization (e.g. endosomal escape).91 A similar trend was observed by 

Murthy et al. where the more hydrophobic poly(propyl acrylic acid) had higher hemolytic activity at lower 

pH while being not active at pH 7.4, outperforming the less hydrophobic poly(ethyl acrylic acid).93 

Conversely, excessive polymer hydrophobicity lead to high microphage cytotoxicity at a neutral pH 

value.91 This is probably caused by the globule configuration adopted by the polymer in the solution.  

Slater et al. and Chen et al. modified poly(L-lysine iso-phthalamide) via PPM to adjust the 

hydrophobic/hydrophilic balance and enhance endosomal membrane destabilization. Slater et al.210 
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achieved this by incorporating varying amounts of hydrophobic amino acids, yielding ‘pseudo-peptides,’ 

while Chen et al. introduced long aliphatic chains, resulting in ‘comb-like’ polymer architectures.211 

These long aliphatic chains should act as hydrophobic anchors, mimicking membrane proteins that 

contain covalently attached long-chain fatty acids and therefore enhance the polymer-membrane 

interaction.212 Incorporation of amino acids generally shifted onset pH where hydrophobic association 

started to higher values with a higher effect for more hydrophobic incorporated amino acids (L-

phenylalanine) compared to less hydrophobic (L-valine).210 Incorporation of long aliphatic chains 

modulated the pH-responsive conformation, hydrodynamic size, and hemolytic activity of the polymers. 

At endosomal pH, these modifications induced complete hemolysis compared to only 0.5% for 

unmodified poly(L-lysine iso-phthalamide), while maintaining low toxicity at physiological pH.211 

1.2.2.3 Polyzwitterions 

Polyzwitterions are polymers that consist of oppositely charged cationic and anionic groups along the 

chain or side-chain. The charge stoichiometry between the polyions can be equal, or can be weighted 

towards anionic or cationic character.131 Such polymers are typically stimuli-responsive, switching 

between properties depending on their environment, and therefore are considered as ‘smart’ adaptive 

materials. 

The property usually depends on its environment. The pH will influence the ionization of the polymer for 

which the isoelectric point (PI) is a characteristic value of each polymer at which it is electrically 

neutral.131,213 The PI can easily theoretically be calculated, when the polymer contains an equal balance 

of cationic and anionic groups, using:214 

𝑃𝐼 =
𝑝𝐾𝑎 + 𝑝𝐾𝑏

2
 

With:  𝑃𝐼  ; the isoelectric point 

  𝑝𝐾𝑎 the negative logarithm of the acid dissociation constant 

 𝑝𝐾𝑏 the negative logarithm of the base dissociation constant 

Generally, the polymer is in its most hydrophobic state, and often insoluble, at this point because 

intramolecular interactions dominate forcing a globule conformation. Above and below this point, 

repulsion between charges dominate yielding a coiled polymer that behaves in a similar manner as a 

polyanion or cation.213 The anionic and cationic properties of zwitterionic molecules can reduce 

nanoparticles aggregation by reducing the effective nanoparticle surface energy while also 

simultaneously increasing the circulation time and cellular uptake in vivo.40 This effect can be enhanced 

by the use of pH-sensitive zwitterionic moieties capable of adjusting the zeta (ζ)-potential in response 

to the microenvironment.40  

This can be achieved by choosing the right anionic and cationic groups in a polyzwitterion to get the PI 

at the pH, that is desired. For designing pH-sensitive polyzwitterions, ideally, both the cationic and 

anionic groups should not be subject to protonation/deprotonation, i.e., they should be zwitterionic over 

a large pH range. This can be achieved by employing inherently quenched ionic species, such as 

quaternized nitrogen groups as basic moieties, and/or strongly acidic/basic groups, whose strength is 

reflected in their Negative logarithm of the acid dissociation constant (pKa) value.133 Anionic groups, 
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such as, phosphates, sulfonates ,and carboxylates dominate the field of polyzwitterions.50,131,133 

Phosphoric acid has typically pKa of 2.12 and sulfuric acid of 1.9.215 Hence, these groups stay fully 

deprotonated over a very broad pH range, thereby satisfying the above defined conditions very well. In 

case of carboxylates, however, the situation is less straightforward, as their acidity is modulated by the 

distance between the carboxyl group and the cationic site. In the case of the ammoniocarboxylates, pKa 

values of 1.8, 3.3, 4.0 and 4.2 were reported, by Weers et al., where the number of methylene groups 

between the ionic sites increase from 1 to 4, respectively.216 This is due to the strong electron 

withdrawing effect of the ammonium group, which levels off with higher number of methylene groups (≥ 

4), resulting in pKa values of about 4.5. Under physiological conditions (pH ≈ 7.4), the moderate acidity 

of a carboxylate will not endanger the zwitterionic state. However in other, more acidic environments 

(f.e. in the endosomes), deprotonation of the anionic site may be partially or even fully suppressed, 

turning the supposed polyzwitterion into a polycation which are known to be membrane disruptive 

(§1.2.2.1).197 

The most often employed cationic groups in polyzwitterions contain nitrogen, as quaternized ammonium 

groups, or of protonated amines.133 Quaternized ammonium groups are often opted for as they can’t be 

deprotonated. For aliphatic amines, the pKa of the protonated form typically ranges from 8 to 11215, 

following the trend primary > secondary > tertiary amines, due to stabilization from N–H⁺ bond hydration. 

However, steric hindrance weakens their base strength by limited solvation.217 Functional derivatives 

such as aminoethanol or amino acids have pKa’s of 9.5 and ± 8,218 respectively, and are influenced by 

combined effects of substituents. Some of the most important are polar (inductive) effects219, 

resonance220,221, electrical repulsion218, solvation219 and steric effects222. For example, for ethylamine 

and amino ethanol, the effects that play are a small electron-donating effect of the ethyl group and the 

net repulsion between the hydrogens bound to the nitrogen are strongly reduced due addition of a 

substituent – the ethyl group – compared to ammonia. Therefore, the basic strength of ethylamine is 28 

times stronger than ammonium. However, the electron-attracting power of the hydroxy group in 

aminoethanol is relatively large, making it only 7 times stronger than ammonium.218 

Besides the choice of anionic and cationic groups, the zwitterionic properties are also dependent on 

other parameters such as orientation and strength of the dipole moment, the spacing between the ions, 

and composition of the backbone. The strength and orientation of the dipole moment - itself dependent 

on ion orientation223, composition and spacing between ions224 - play a major role in explaining the 

behavior of zwitterions in solution.225 Straightforward conclusions about the interactions of 

polyelectrolytes are not easy as multiple parameters such as polyelectrolyte, counterions, co-ions, and 

solvent, but also interactions, like intra- and interchain interactions, long-range electrostatic interaction, 

hydrophobic interaction, and entropic force, have to be simultaneously considered.226 For example, 

Muthukumar M. et al. found that the aggregation behavior between polyzwitterions with different 

orientations in dipole moment was drastically different. However, it should be noted that this could also 

be related to internal factors such as the presence of hydrophobic groups on the phosphate ion on only 

one of both studied polymers.223 Wei et al. studied the fouling, and therefore hydration, properties of 

CBs with different spacing between their ions. It was shown that stronger hydration was achieved with 

larger spacing due to stronger ionization. However, the increased dipole moment also promotes 
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electrostatic and dipole–dipole interactions which can induce biofouling. They therefore concluded that 

zwitterionic materials with shorter ionic distances should be designed if excellent fouling resistance 

wants to be achieved.224  

Leiske et al. showed the importance of the polymer backbone as this parameter also influences 

physicochemical properties and interactions with cells. This was done by synthesizing a glutamate (Glu)-

derived monomer library with an acrylate, methacrylate, acrylamide and methacrylamide group. These 

polymers have shown that backbone chemistry influences the pH-responsiveness (i.e. pKa and PI) as 

well as their hydrophilicity and stability against hydrolysis in aqueous media.170 

Besides the huge potential zwitterionic moieties offer to modify their properties, their effectiveness in 

improving protein stability was already discovered in the early 1980s when glycine, betaine, and proline 

were found to improve solvation of protein molecules.227,228 Further development in the field of 

polyzwitterions advanced the understanding of its resistance towards protein absorption.131,142,229,230 The 

strong resistance of polyzwitterions to foulant attachment arises from their high density of charged 

groups, which strongly binds a hydration layer via electrostatic interactions (ionic solvation) in solution.231 

This layer forms an energy barrier that biomolecules must surmount to contact the zwitterion.232 Since 

the ionic solvation is stronger/more stable than the hydrogen bonding responsible for hydration layers 

in non-ionic polymers (e.g., PNAM or PEG), polyzwitterions exhibit superior low-fouling properties233,234 

- especially in saline environments231 - compared to the more conventional non-ionic systems233. 

Additionally, for long term applications, it is demonstrated that PEG is susceptible to oxidative damage 

in the presence of oxygen and transition metal ions, which significantly worsens its antifouling properties 

and loses its function in biological media as already mentioned (§1.1).23–25 At last, we can conclude that 

polyzwitterions possess the unique dual-functionally, by being able to resist protein absorption/cell 

adhesion on the one hand and functionality which can be used for targeting of cells235,236, immobilization 

of ligands237 or other modification (Fig 3). 
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Figure 3: Overview of dual-functionality of polyzwitterions. Created with BioRender. 

 

1.2.3 Applications 

1.2.3.1 Zwitterionic polymers in biomedical applications 

Most recently Lutz et al. wrote an extensive review to highlight the various medical applications 

polyzwitterions could be designed for (Fig 4).50 As a short overview, it was discussed that low-biofouling 

coatings would benefit from highly charged nature of zwitterions due their high degree of hydration could 

form steric hindrance for undesired protein fouling or other undesired interactions238 as attachment onto 

artificial materials could stimulate colonization, biofilm development and finally cause infections and 

tissue inflammation239. Studies from Jiang et al. showed that the levels of protein attachment is lower 

than the detection limit of surface plasmon resonance measurements in case of polysulfobetaines or 

PCBs (< 0.3 ng cm-2).237,240 They have also interestingly shown that the method of attachment plays a 

role in surface coverage, as the ‘‘grafting to’’ method, where the polymer is synthesized first, followed 

by covalent attachment to the surface using an anchoring group, results in poorer surface coverage than 

the ‘‘grafting from’’ method241, where the polymer is grown directly from the surface. However, both 

methods have been reported to be used in preparing surfaces.241 
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Figure 4: overview of medical applications of polyzwitterions. Reused with permission under a Creative Commons 

CC_BY 4.0 license from Ref 50. Copyright 2025 Wiley 

 

The water binding properties can also be sourced for lubrication for joints as they are exposed to a lot 

of friction.242,243 To obtain the required mechanical characteristics that remain joint functionality, articular 

cartilage consisting of extracellular matrix i.e. collagen244, (glycosylated)proteins245, chondrocytes245, 

and the main components of synovial fluid – namely lubricin246, hyaluronic acid and zwitterionic lipids 

(e.g., PC)247 – are suitable for friction and wear reduction by both boundary and hydration lubrication247.  

In tissue engineering, polyzwitterions often serve purpose for their hydration, low-biofouling, 

immunological activity as well as the support of cell adhesion and embedding. The latter combined with 

the capability of making hydrogels expands the versatility and application of zwitterionic hydrogels for 

tissue engineering applications, beside bone regeneration.248 More particularly, research towards 

artificial microvascular systems is promising.249,250 Looking at wound healing applications, a wide range 

of polyzwitterions, based on hydrogels and in the form of adhesive patches251, interact with tissue 

surfaces via hydrogen bonds, dipole–dipole, and electrostatic interactions. In addition, those non-

covalent forces provide the formed adhesive matrix with cohesion properties.252 Maintaining the balance 

of zwitterionic motifs within the material is an important demand, i.e., the overall number of zwitterions 

present must be either below or above a certain threshold, depending on the material composition and 

required properties depending on the type of wound (post operative or not)253. Generally, hydrogels are 

created for a multitude of purposes going from lubricants for joints247, coatings239, patches for wound 

healing, bone regeneration254 and sensors to connect cell signaling with bioelectronics255, but can also 

have potential applications for the treatment of dry eye syndrome.256 One of the most successful 

zwitterionic synthetic polymers is poly(methacryloyloxyethyl phosphorylcholine) (PMPC), whose 

zwitterionic chemical structure is inspired by the phosphorylcholine moiety of cell membrane 

components.257,258 Covering material surfaces with PMPC renders the surfaces biocompatible without 

any interactions with proteins and cells.  
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Worldwide, many people suffer from chronic diseases that lack effective treatment. In the case of 

inflammatory bowel disease,259 current research can only alleviate the symptoms, however, cannot cure 

the disease. Conventional drug therapies are based on amino salicylates, corticosteroids, and/or 

biologics, but may cause unwanted side effects and affect quality of life.260 These limitations highlight 

the need for alternative therapeutic strategies that improve tolerability. Even though fully synthetic 

alternatives are hardly available in literature, there are many semi-synthetic, zwitterionic based materials 

that hold the potential to be applied.261,262 These polyzwitterions, obtained by sequential RAFT 

polymerization of lysine-, mannose, and selenocystamine based monomers, have proven anti-

inflammatory properties. These polyzwitterion helps interact with the macrophage cell membrane via 

hydrogen bonds and electrostatic interactions, therefore enhancing the binding affinity of surface-bound 

receptors with mannose.263 

Zwitterionic polymers, such as PMPC, could be used as biosensors as they combine multiple desired 

characteristics at the same time to connect two worlds, namely, bioelectronics and cells. This is done 

by either initiating specific cell processes or measuring cellular activities.264,265 Besides biomedical 

applications, polyzwitterions can also be applied for other applications. Such as polyzwitterion surface 

coatings that can be used as anti-icing coating by reducing the freezing point of surface adjacent 

solutions.266 Further applications of polyzwitterions-based surface coatings include bio separation and 

functionalization of nanoparticles onto porous structures for liquid chromatography.267 

1.2.3.2 Drug therapy 

Drug therapy is one of the most promising strategies towards disease treatment, as wide range of small 

molecules, nucleic acids, proteins, and peptides are discovered.268,269 However the therapeutic 

efficiency of free drugs is often limited by instability, short half-life in blood270 or poor cellular uptake.271–

273 Polymer drug carriers form a promising solution to circumvent these limitations. The core task of 

those carriers, having either entrapped drug molecules or conjugate-chemically bound drug molecules, 

is the targeted delivery of drugs to specific sites of action in the body.15 Due to the solubility of these 

carriers in the physiological environment and hindrance of physiological barriers after administrations, 

side effects, such as blood clearance, nonspecific tissue/cell localization, endosomal trapping come 

unwillingly with introducing carriers.274 PEG is very well known for its ability to increase blood circulation 

time, although due to their lack of targeting ability and already discussed issues (§ 1.2.2.3, §1.1). 

Zwitterionic polymers have come up as an appealing alternative for PEG due to their already discussed 

pH-responsiveness, solubility and resistance towards non-specific protein absorption (§1.2.2.3). 

Furthermore, polyzwitterions show negligible accelerated blood clearance phenomenon after 

administration.275,276 The ability of polyzwitterions to prolong circulation time makes them viable for 

applications such as polyzwitterion-conjugated surfaces, and zwitterionic membrane coatings which are 

just highlighted and extensively described in reviews (Fig 5).233,241,277 This antifouling property can also 

be used for drug carriers which only need to have high resistance to nonspecific protein absorption as 

alternative to PEG. As a result, PCBs were prepared as drug carriers to target cancer based on the EPR 

effect.278 In parallel to zwitterionic systems, pH-responsive polyanions (often poly(carboxylate)-based) 

have been explored to improve the therapeutic efficiency.208 More specifically, because the pH-

dependent endosomal activity of polyanions is generally considered less harmful, compared to 
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polycations, as they are unlikely to be internalized into cells via translocation of the synthetic bilayer, 

which often causes cell disruption (§1.2.2.2). The polyanions are commonly designed by combining a 

pH-responsive carboxylic acid unit with a hydrophobic unit, leading to protonation at endosomal pH, 

which promotes a transition toward a more hydrophobic, membrane-associating state.279 At the same 

time, the polymer performance depends on balancing hydrophobicity (to promote membrane disruption 

at pH ~ 4–6) against aqueous solubility and biocompatibility, since excessive hydrophobic character can 

drive aggregation and/or toxicity.91 Anionic polypeptides such as poly(Glu) are an example of a 

polyanionic platform reported to be water-soluble, biodegradable, and non-toxic, and they have been 

widely explored in biomedical formulations including drug delivery constructs.280 While polyanions seem 

to be promising materials for intracellular drug delivery, considerably less is known compared to 

polyzwitterions making them an interesting polymer class to investigate. 

Generally, polymeric carriers having stimulus-responsive properties - f.e. change in properties upon 

change in pH281, present ions282 or functional groups tagged on the outer walls of proteins283 attracted 

the interest of many researchers because they are more efficient in drug delivery and releasing drug 

loads at the diseased sites within the desired period. Additionally, polymeric carriers are often tailored 

to their purpose by having different architectures.241 Due to the attractive properties of polyzwitterions 

towards drug therapy and, more generally, biomedical applications. Extensive research was pursued 

and consequently various reviews were published over the past years.15,29,284  

 

Figure 5: Overview of barriers polyzwitterions can tackle as drug carrier. Adapted with permission from Ref 29. 
Copyright 2023 Elsevier 

For protein therapeutics, it has been shown that polyzwitterions, through the formation of polymer–

protein conjugates, can promote protein folding via hydrophobic interactions, thereby enhancing the 

thermal stability of the protein.285 Combined with their ability to prolong circulation time, such conjugates 

can be used for therapeutic protein delivery. Self-assembly of polyzwitterions and copolymers into nano 

aggregates has become a widely explored strategy for therapeutic delivery. These nanocarriers can 

enhance the solubility of poorly soluble drugs, improve pharmacokinetic profiles and reduce cytotoxicity 

toward normal tissues. For example, a PMPC and poly(butylmethacrylate) copolymer was synthesized 
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as nanocarrier for a poorly soluble anticancer drug, improving solubility, long-term stability and antitumor 

efficacy.286 However these approaches improve blood circulation time and stability, they still face 

nonspecific tissue localization, poor cellular uptake, and endosome trapping as hindrances that reduce 

the accumulation of drugs in target action sites.287  

To enhance the accumulation of drugs in target action sites, design of active targeting strategies could 

be developed. One being the attachment of a pilot molecule, e.g., peptides288, aptamers289, or sugars290, 

onto the nanomedicine bearing the polyzwitterions that have no targetability against a specific cell. Some 

zwitterionic have also specific target ability due to their biomimetic structure. So is the internalization of 

PMPC polymerosomes mediated by class B scavenger receptors which are overexpressed by cancer 

cells compared to normal oral cells. Therefore, opening up the opportunity to exploit this overexpression 

on cancer cells to use these polymersomes to target tumors.281 Betaine is a methyl derivative of glycine 

and plays an important role in cellular osmoregulation and metabolism of human physiology.291 More 

importantly, betaine is a specific substrate of the Na+/Cl─ betaine/ γ-aminobutyric acid transporter, that 

is expressed at blood-brain barrier and mediates the transport of betaine.292 The monomer of PCBs has 

a similar structure compared to betaine. Therefore, PCBs can pass the blood-brain barrier via the 

Na+/Cl─ betaine/ γ-aminobutyric acid transporter.293 It has also been shown that betaine and its 

derivatives can penetrate through intestinal epithelial cell layer, which is one of the key players of 

intestinal adsorption, by uptake through the proton-assisted amino acid transporter 1.294 Betain-based 

microstructures were also directly compared to non-ionic PEG methacrylate-based microstructures on 

their tissue penetration. This study showed that PCB-based microstructures showed efficient cellular 

uptake into cancer cells, enabling them to be penetrated deeper into the cancer spheroid via the 

transcytosis pathway (Fig 6). Additionally, incorporation of only 10 mol % of those PCB into the non-

ionic microstructures improved its tumor permeability, revealing the importance of zwitterionic nature in 

tumor penetration.143 

 

Figure 6: Confocal laser scanning microscopy (CLSM) images at approximately middle depth of the CT26 tumor 
cell spheroids incubated with cyanine-5 (Cy5)-labeled microstructures for 3 h in a culture medium with PEG (left), 

PCB (middle) and PEG90-block-PCB (right). Reused with permission from Ref 143. Copyright 2022 American 
Chemical Society 
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Zwitterionic amino acids, consisting of an α-amino group as the cationic moiety and an α-carboxyl group 

as the anionic counterpart, are often employed as polyzwitterions with targetability for the recognition of 

amino acid transporters (AATs), such as the L-type large neutral amino acid transporter (LAT)  1 and 

the alanine-serine-cysteine transporter (ASCT) 2, which are typically overexpressed in many cancer 

cells compared to normal tissues.295–297 Some nanomedicines targeting these AATs have been 

developed. For instance, Yamada et al. conjugated Glu to the side-chain of poly(L-lysine) as a 

recognition motif for ASCT2 on BxPC-3 cancer cells.298 In another study, Leiske et al. copolymerized 

Glu-modified acrylate with O-benzyl-L-serine (BzlSer) acrylate with a tailored copolymer ratio of both 

comonomers. Here, the Glu moieties introduced a high degree of cytocompatibility and cellular 

specificity, i.e., showing association to different cancer cell lines, but not with nontumor fibroblasts.299 

While on the other hand BzlSer was introduced as it is a known amino acid receptor antagonist.300 The 

copolymer with 25 mol% BzlSer revealed to have specific cytotoxicity to cancer cells while leaving 

fibroblast unaffected for over 3 days.299 In addition, Fujii et al. studied methacrylamide polyzwitterions 

with glutamine in the side-chain were also actively internalized into cancer cells. As the AAT-mediated 

endocytosis inhibitor, BzlSer, and exocytosis inhibitor did not affect tumor permeability, it was concluded 

that penetration depended on the intercellular pathway via cell-cell tight junctions.301 

Stimuli-responsive charge conversion strategy can achieve surface charge conversion from neutral to 

positive, enhancing cellular uptake while maintaining the long blood circulation.302 Some polyzwitterions 

have been found to have charge-transforming property which is a suitable strategy for cancer therapy 

as the pH of tumor tissue is lower than that in blood an normal tissue.41 For example, PMPC could 

accelerate the doxorubicin  release at pH 5.5 as the conformation of PMPC was affected by salts in the 

solution through ionic interaction. Consequently, poly(ε-caprolactone)-PMPC micelles showed better 

therapeutic efficacy than doxorubicin-loaded poly(ε-caprolactone)-PEG micelles.303 

After endosomal uptake/engulfment, drugs and its carriers are often trapped inside the endosomes and 

end up in the lysosome, where they will be enzymatically degraded. This would drastically decrease the 

therapeutic efficiency which makes endosomal escape crucial as already discussed for gene delivery (§ 

1.2.2.1). Besides polycation drug carriers304, polyzwitterionic drug carriers that can undergo pH-

dependent charge conversion would help in the escape by nanopore formation or membrane rupture.305  
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2 Objective 

Intracellular delivery remains a major challenge in the development of biotherapeutics.1,2 To date, most 

clinically successful biologics still target extracellular receptors. This is based on a selectively permeable 

lipid–protein architecture of the cellular plasma membrane, which, effectively prevents the free passage 

of proteins, peptides, and nucleic acids.3 As a result, these biomacromolecules typically enter cells via 

endocytosis, becoming entrapped within endosomal compartments rather than reaching their intended 

intracellular targets. Once internalized, most cargos are subjected to the endosomal maturation 

pathway: early endosomes acidify to pH 6.8–6.1 as adenosine triphosphate-driven proton pumps 

become active. During acidification, the cargos inside the endosomes are sorted and some are recycled 

back.4 Non-recycled cargos progress to late endosomes, which acidify further to pH 6.0–4.8 before 

ultimately fusing with lysosomes, where degradation occurs at pH ∼4.5. This maturation process 

represents a major barrier for intracellular delivery, as therapeutics that do not escape before lysosomal 

fusion are rapidly degraded.5 

The pH gradient along the endocytic pathway offers an attractive opportunity to trigger structural 

changes in materials that could facilitate endosomal escape. In this context, the overarching objective 

of this dissertation is to design pH-responsive polyelectrolytes which could have the potential to target 

active internalization such as transporter-mediated uptake or endocytosis combined with improved cell 

internalization properties of future polymer-drug conjugates. This is mainly pursued through the design 

and synthesis of amino-acid-derived polyelectrolytes, which offer versatile opportunities for tuning 

physiochemical properties relevant to intracellular delivery. The latter is especially important in 

therapeutics f.e. cancer therapy 

Furthermore, effective cancer therapy critically depends on cellular specificity i.e., therapeutic agents 

must preferentially interact with and accumulate in cancer cells while leaving healthy cells unaffected. 

The polyelectrolytes will be designed to achieve such selective interactions without relying on the 

laborious and costly incorporation of external targeting moieties, such as antibodies or peptides, which 

complicate synthesis, reproducibility and scale-up. Instead, the focus lies on developing materials whose 

responsiveness and selectivity arise directly from their molecular composition and tunable structural 

features i.e. pH-responsivity, enabling straightforward preparation and flexible adjustment for future 

therapeutic applications. A simple way to implement pH-responsivity and, therefore, cellular targeting 

polyelectrolytes is the use of amino acids or amino-acid-like building blocks. The synthesis strategies 

and novel zwitterionic and anionic polymers shown in this work build upon performed work of my 

supervisor on polyzwitterions. There, structure-property relationships which were studied by alterations 

in the macromolecular structure (e.g. study of different polymer backbones) of and compromise detailed 

information on hydrophobicity and cell-polymer interactions.  

Betain-like polyzwitterions 

Amino-acid-derived polyzwitterions and PBs are two promising alternatives to non-ionic polymers, for 

example, to increase tumor permeability. PBs, one of the most studied categories of polyzwitterions, 

have emerged as promising alternative to traditional non-ionic polymers in tumor therapy. PBs are 
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characterized by the presence of both an anionic and permanently charged cationic group within the 

same repeat unit. Owing to their internal charge balance, they can resist non-specific protein adsorption 

or cell adhesion while at the same time being able to penetrate deeply into tumor tissue. Amino-acid-

derived polyzwitterions, on the other hand, introduce a stereocenter due to their amino acid precursor. 

While the stereocenter offers unique opportunities towards molecular interactions, the primary amine 

functionality renders highly sensitive polymers towards pH changes. This high sensitivity makes it 

challenging to establish clear structure-property relationships. 

The first part of this dissertation therefore aims to bridge the advantages of both classes by developing 

a synthetic strategy for chiral, amino-acid-derived PBs. Thereby, a strategy is developed to quaternize 

the amine in the functional group of the side-chain of the polyzwitterion. In more detail, a monomer 

resembling the targeted polymer structure will be synthesized. Subsequently, this monomer will be 

polymerized via RAFT for which a kinetic study will be performed. This will give the opportunity to directly 

obtain the chiral, amino-acid-derived PB with different Xn. Subsequently, the role of chirality and 

permanent positive charge is explored by comparing the quaternized and non-quaternized zwitterionic 

analogues obtained via PPM. Physical characterization, such as aggregation behavior at different pH 

values will be measured by dynamic light scattering (DLS) and will provide insight into the impact of 

quaternization. Circular dichroism (CD) spectroscopy aims to clarify the stereochemistry of the polymers. 

Initial biological evaluation will include protein fouling via DLS and, in cooperation with the chair for 

process biotechnology of Prof Dr Freitag, University of Bayreuth, cytocompatibility via 3-(4,5-di methyl 

thiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) assays will be performed by me.  

Post-polymerization modification of pH-responsive polyanions 

The second part of this dissertation focusses on amino-acid-derived polyanions with different alkyl 

side-chains. Unlike cationic polymers, polyanions do not destructively penetrate the negatively charged 

cell membrane due to repulsive interactions and therefore may serve as safer alternative for intracellular 

delivery. Their pH-responsiveness can be relevant in the late endosomes, where the pH decreases from 

6.0 to 4.8 and structural transitions may facilitate endosomal escape.  

To explore a systematic library of such materials, the PPM method of activated ester polymers with 

amino acids is used. By applying the same prepolymer, we can study the sole effect on the alterations 

of alkyl side-chain. The activated ester prepolymers, in this case activated ester PPFPA, will be 

synthesized by RAFT which will be done, in cooperation, by Michael Ringleb at the laboratory of organic 

and macromolecular chemistry of Prof Dr Schubert,  Friedrich Schiller University Jena. Subsequently, 

the prepolymer will be modified with different amino acids through PPM to obtain fast and quantitative 

formation of amino-acid-derived polyanions. These will be used to investigate the alkyl side-chain (length 

and branching) influence on hydrophobicity, pH-response and other physicochemical properties.  

Before testing the polymers in biological systems, protein fouling by DLS measurements will be 

performed. Afterward, interaction studies of the amino-acid-derived polyanions with cells were 

conducted to investigate the correlation between physicochemical and biological properties. The study 

will include an MTT assay, a hemocompatibility assay, an erythrocyte aggregation assay, time- and 

temperature-dependent cell association assay and imaging via confocal laser scanning microscopy. 
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These experiments will be conducted, in cooperation, by Michael Streiber at the Jena center of soft 

matter of Prof Dr Schubert, Friedrich Schiller university Jena. 

Comparing Zwitterions and Polyanions Through Tailored Amino-Acid Functionality 

Building upon the outcomes of the previous sections, the third part investigates direct structure-property 

relationship between amino-acid-based polyanions and zwitterionic counterparts. Therefore, zwitterionic 

(methylated) lysine and phenylaniline-functionalized polymers will be synthesized additionally to 

structurally analogous polyanions via PPM of an activated ester prepolymer. This design allows impact 

influence of aromaticity, charge, and hydrophobicity which be evaluated independently. The influence 

of those functional groups on hydrophobicity, pH-response and other physicochemical properties will be 

investigated, similarly to the second part.  

Biological assays such as MTT assay, and cell association studies with different cell lines with and 

without the addition of specific amino acid transporter inhibition and competitive uptake assays will be 

performed at the chair for process biotechnology of Prof Dr Freitag, University of Bayreuth, by me. 

Additionally, confocal laser scanning microscopy (CLSM) measurements will be performed, in 

cooperation, by Jonas P Debbeler at the Jena center of soft matter of Prof Dr Schubert, Friedrich Schiller 

University Jena. 

Together, these parts aim to establish comprehensive structure–property relationships for amino-acid-

based polyelectrolytes with varying charge states, hydrophobicity, and stereochemical features. By 

combining synthetic design, detailed physicochemical characterization, and extensive biological 

evaluation, this dissertation seeks to contribute to the development of next-generation pH-responsive 

materials for intracellular delivery, with particular emphasis on selective cancer-targeting polymer 

systems. 

[1] Stewart, M.P., Langer, R., and Jensen, K.F. Intracellular Delivery by Membrane Disruption: 

Mechanisms, Strategies, and Concepts. Chem. Rev., 2018, 118 (16), 7409–7531. 

[2] van Haasteren, J., Li, J., Scheideler, O.J., Murthy, N., and Schaffer, D. V. The delivery 

challenge: fulfilling the promise of therapeutic genome editing. Nat. Biotechnol. 2020 387, 2020, 

38 (7), 845–855. 

[3] Pei, D., and Buyanova, M. Overcoming Endosomal Entrapment in Drug Delivery. Bioconjug. 

Chem., 2018, 30 (2), 273–283. 

[4] Barysch, S. V., Aggarwal, S., Jahn, R., and Rizzoli, S.O. Sorting in early endosomes reveals 

connections to docking- and fusion-associated factors. Proc. Natl. Acad. Sci. U. S. A., 2009, 

106 (24), 9697–9702. 

[5] Huotari, J., and Helenius, A. Endosome maturation. EMBO J. 2011 3017, 2011, 30 (17), 3481–

3500. 
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3 Synopsis 

3.1 Overview of the Thesis 

The general aim of this dissertation is to develop and systematically investigate amino-acid derived, pH-

responsive polyelectrolytes as next-generation materials for intracellular delivery with particular 

emphasis on selective cancer-targeting polymer systems. The central idea is that precise control over 

charge, hydrophobicity, and side-chain architecture in amino-acid-derived polymers enables control 

over protein interactions, cell association and potential endosomal escape, without relying on external 

targeting ligands such as peptides or antibodies. 

Amino-acid-derived polymers, considered as biomacromolecular cargo in the context of intracellular 

delivery, typically enter cells via energy dependent or endocytosis and encounter the progressively 

acidifying endosomal pathway. Exploiting the associated pH gradient, going from pH ≈ 6 in the early 

endosomes to pH ≈ 4.5 in the lysosomes, requires polymers that can respond in a controlled manner, 

f.e. by changing charge state or hydrophobicity. Thereby these polymers could initiate membrane 

interactions upon change in pH. pH-responsive polyelectrolytes (i.e. polyanions, polycations, and 

polyzwitterions) are particularly attractive candidates because their ionizable groups can be engineered 

to respond in this physiologically relevant pH range. Herein, amino acids form an interesting and 

versatile platform for the development of functional polyelectrolytes. Their intrinsic stereochemistry 

introduces chirality into polyelectrolytes which can influence molecular recognition and biological 

interactions. Additionally, the chemical versatility of amino acids, both synthetically and in nature, 

enables tuning of material properties, such as hydrophobicity. Moreover, amino acids contain ionizable 

groups that can be modified to remain permanently charged or to respond dynamically to pH changes 

which are required to exploit the acidification during the endosomal pathway.  Finally, their biomimetic 

character contributes to reduced nonspecific fouling while enabling opportunities for selective 

interactions with cellular membranes or proteins. 

The thesis therefore focuses on amino-acid-derived polyacrylamides, in which amino acids or amino-

acid-like moieties are introduced as side-chains either directly via monomer design or via PPM of 

activated ester prepolymer. Across all three main studies, RAFT polymerization is used as a central tool 

to obtain well-defined precursors with narrow Đ and controlled Xn. An overview of the thesis is shown in 

Figure 7. The central theme of this thesis is the synthetic development to create a systematic library 

which gives insight to comparative fundamental structure–property relationships and biological 

screening. The resulting insights provide guidelines for the future design in amino-acid derived, pH-

responsive polyelectrolytes as intracellular delivery agents. 
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Figure 7: Overview of this thesis with an activated ester prepolymer standing central as it is used in the PPM routes 
in each publication. The first part introduces a robust methylation strategy to generate lysine-based betaine-like 
monomers and polymers. The second part extends the reach of this search as amino-acid-derived anionic 
polyacrylamides are created. The third part unifies these concepts by investigating both zwitterions and their anionic 
analogues. It further highlights the characterization methods used to derive structure-property relationships and its 
influence on biological environmental. A) confocal scanning laser microscopy, B,C) aggregation study of the 
polymers using differential light scattering in solutions at different pH (B) or in combination with model proteins (C). 
D) cell association studies with various cells using flow cytometry. 

The main results of this thesis have been structured around three main manuscripts, two of which are 

published in peer-reviewed journals, and one is to be submitted. 

The first part deals with the development of a synthetic toolbox for chiral, amino-acid-derived 

polybetaines, combining the advantages of polybetaines and amino-acid-derived polyzwitterions. It 

introduces a robust methylation strategy to generate lysine-based betaine-like monomers and polymers 

with a permanent cationic center and a carboxylate in the same side-chain and compares monomer-

polymerization and PPM routes. The work establishes how a permanent positive charge affects pH-

response, hydrophobicity, protein fouling, and cytocompatibility. In the second part, extends the reach 

of this search as in this part amino-acid-derived anionic polyacrylamides with systematically varied 

hydrophobicity and branching are created. Therefore, a library of polyanions is synthesized by PPM 

from one activated ester prepolymer with different α-amino acids, enabling the comparison of how side-

chain hydrophobicity influences pKa, hydrophobicity, protein interactions, and cell association without 

changing the polymer backbone, Xn or Đ. The last part unifies these concepts by investigating a library 

of amino-acid-derived polyelectrolytes, being zwitterions and their anionic analogues, with either 

aliphatic or aromatic spacers, obtained from one activated ester precursor via PPM. This study directly 

relates charge state (zwitterionic vs anionic), hydrophobicity (alkyl vs aromatic) and the nature of the 
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positive charge (permanent vs pH-dependent) to cell association, active vs passive uptake, and 

intracellular localization. 
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3.2 Zwitterionic Amino-Acid-Derived Polyacrylamides with a Betaine 

Twist 

The first part deals with the development of a synthetic route for chiral, amino-acid-derived polybetaines, 

combining the advantages of polybetaines and amino-acid-derived polyzwitterions, which are both 

promising alternatives to non-ionic polymers such as PEG. Zwitterionic polymers as alternative for PEG 

try to combine low fouling with improved tumor permeability and deeper tissue penetration. Although, 

amino-acid-derived polyzwitterions have already shown low fouling properties, they often carry a primary 

amine which makes them highly pH-sensitive and complicates the interpretation of their structure–

property relationships. Polybetaines, on the other hand, have a permanently charged quaternary 

ammonium, but lack the stereocenter and biomimetic structure of amino-acid-derived polymers. 

Therefore, a robust methylation strategy was developed to obtain lysine-based betaine-like monomers 

and polymers with a permanent cationic center and a carboxylate in the same side-chain, so the 

advantages of both classes are merged into one polymer (Fig 8). Lysine-based betaine-like monomers 

are developed to give the opportunity to directly obtain chiral, amino-acid-derived PB with different Xns.  

 

Figure 8: Synthesis of P(Me3Lys-OH-AAm) from monomer resembling structure and via PPM. Used from Ref. 1 
under a Creative Commons CC – BY license. Copyright Wiley 2024 

As a proof of concept, L-alanine (Ala) was first used as model compound to find ideal reaction conditions 

for the methylation of the primary amine towards a quaternary amine. The ideal conditions resulted in 

simultaneous quaternary amine and ester formation. The ester formation brings advantages for later 

solubilization of the amino-acid-derived betaines in organic solvents, which is advantageous for 

controlled radical polymerization as well as the PPM of amine-reactive polymeric precursors. One 

particular challenge that this approach brings is the needed subsequent hydrolysis to yield the carboxylic 

acid functionality in the final polymer structure.  

[1] De Breuck, J.; Jérôme, V.; Freitag. R, Leiske, M.; Zwitterionic Amino-Acid-Derived Polyacrylamides with a Betaine Twist – 

Synthesis and Characterization, Macromolecular Rapid Communications, 2025, 46, 2400623 
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This must happen without inducing the undesired Hofmann-elimination at the quaternary ammonium 

center. It was found that the amine and carboxylic acid group of alanine were methylated in non-protic 

hydrophilic solvent (acetonitrile) using excessive methyl iodide in the presence of potassium carbonate 

to obtain the methylated alanine (Me3Ala-OMe). Formation of the quaternary amine and ester was 

shown by 1H-NMR (Fig 9) as new peaks appeared at chemical shift (𝛿) = 3.25 ppm and 𝛿 = 3.86 ppm, 

corresponding to both new functional groups, respectively. Further confirmation was found by 13C-NMR 

and Fourier transform infrared spectroscopy (FTIR).  

 

Figure 9: 1H-NMR (300 MHz, D2O) of Ala (top, green), Me3Ala-OMe (middle, cyan), and Me3Ala-OH (bottom, 
purple). Used from Ref. 1 under a Creative Commons CC – BY license. Copyright Wiley 2024 

After Me3Ala-OMe was obtained, it was used to find suitable conditions to hydrolyze the ester group 

while avoiding the Hoffmann-elimination of the quaternary amine. It was found that acid ester hydrolysis 

could only give us a degree of deprotection of 92%. Under mild basic conditions, on the other hand, full 

deprotection was obtained in absence of Hoffmann-elimination yielding Me3Lys-OH. This was shown by 

the disappearance of the methoxy peak at 𝛿 = 3.86 ppm by 1H-NMR measurement (Fig. 9). Also, 13C-

NMR and FTIR confirmed the successful hydrolysis of Me3Ala-OMe. 

Guided by this model system, L-lysine (Lys) was then transformed into a vinylic betaine-like monomer, 

Me₃Lys-OMe-AAm, in our first synthetic route. This was done by the methylation of lysine acrylamide 

(Lys-AAm) following the same procedure as for Ala. Lys-AAm was firstly synthesized after a previously 

published method using cupper complexation.2 The methylated lysine product, Me₃Lys-OMe-AAm, 

showed the same new peaks at 𝛿 = 3.25 ppm and 𝛿 = 3.86 ppm in 1H-NMR, corresponding to both new 

functional groups (Fig 9). Additionally, a shift from 𝛿 = 3.6 ppm to 𝛿 =4.2 ppm was observed for the α-

CH group (Fig 10). 

[2] Dinda, P.; Anas, M.; Banerjee, P.; Mandal, T. K. Dual Thermoresponsive Boc-Lysine-Based Acryl Polymer: RAFT Kinetics and 

Anti-Protein-Fouling of Its Zwitterionic Form. Macromolecules 2022, 55 (10), 4011–4024. 
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Figure 10: 1H-NMR (300 MHz) of Lys-AAm (top, green, D2O) and Me3Lys-OMe-AAm (bottom, blue, D2O). Used 
from Ref. 1 under a Creative Commons CC – BY license. Copyright Wiley 2024 

The 13C-NMR confirmed the formation of Me3Lys-OMe-AAm by the new peaks corresponding to the 

quaternary amine and the methyl ester. FTIR measurements complementary showed the characteristic 

C═O and C─O absorption bands for an ester functional group appeared at ṽ = 1743, 1250 and 1167 

cm−1 and a new C─N stretch absorption band corresponding to the quaternary amine appeared at ṽ = 

1200 cm−1 compared to the FTIR spectrum of Lys-AAm. In addition, matrix-assisted laser-

desorption/ionization time of flight mass spectrometry showed a peak with the highest intensity at the 

expected m/z of 257 Da which corresponds with the theoretical molar mass of the monomer. 

Me3Lys-OMe-AAm was subsequently polymerized via RAFT using 2-[[(butylsulfanyl)-

carbonothioyl]sulfanyl] propanoic acid as CTA, yielding P(Me₃Lys-OMe-AAm) with monomodal molar-

mass distributions and narrow Đ. The polymerizability of this monomer was investigated by a kinetic 

study that was analyzed via 1H-NMR. The kinetics showed a typical trend for that is generally observed 

in RAFT-polymerization. The synthesis of the Me3Lys-OMe-AAm monomer and the kinetic study of its 

polymerization capability gives the opportunity to this chiral, amino-acid-derived PB with different Xn in 

a direct way. 

Although direct polymerization of monomer-resembling structures is often the method of choice, the role 

of chirality and permanent positive charge is explored by comparing the quaternized and non-

quaternized zwitterionic analogues via another route, namely PPM. Therefore, Me3Lys-OMe-NH2 and 

the commercially available Boc-Lysine-OH (Boc-Lys-OH) were used for PPM with PNAS which acted 

as reactive prepolymer due its activated ester group in the side-chain. Both P(Me3Lys-OMe-AAm) and 

P(Boc-Lys-OH-AAm) were obtained as monomodal distributed polymers according to aqueous SEC 

measurement. The polymers, P(Me3Lys-OH-AAm) and P(Lys-OH-AAm), that will be compared are 

obtained by acidic deprotection of P(Boc-Lys-AAm) and by hydrolysis of P(Me3Lys-OMe-AAm) under 

mildly basic conditions, respectively. Successful deprotection of P(Boc-Lys-AAm) was verified via 1H-

NMR as the Boc group signal at 𝛿 =1.4 ppm disappeared. Hydrolysis of the methyl ester of P(Me3Lys-

OMe-AAm) was confirmed by 1H-NMR by the disappearance of the methoxy peak at 𝛿 = 4.0 ppm. 
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As our study aimed to obtain chiral PBs from amino acids, CD spectroscopy was used to verify the 

chirality by specific conformation of the polymers in solution. Reliable assignment of CD signals for chiral 

synthetic polymers is challenging as, unlike natural proteins, most synthetic chiral polymers adopt 

disordered conformations in solution, even when their main chains are highly stereoregular. 

Consequently, CD spectroscopy in this study is solely employed to verify that the polymers retain their 

chirality after synthesis. This was confirmed throughout both synthetic routes, indicating that neither the 

methylation nor the hydrolysis steps compromised the stereocenter. This is crucial for future work 

exploiting chiral recognition or stereoselective interactions. 

pH titration and ζ-potential measurements revealed that P(Lys-OH-AAm) exhibited an pI around pH ≈ 

4.3, corresponding to a zwitterionic point where overall charge is balanced (Fig 11). The rather low pI 

corresponds well to the acidic microenvironment of tumorous tissue. Therefore, it is expected that P(Lys-

OH-AAm) can be applied for cellular targeting in future biological experiments. P(Me₃Lys-OH-AAm), 

differently, maintained a negative ζ-potential across the measured pH range above the carboxylate pKa, 

indicating that the polymer remains zwitterionic over a broader pH range (Fig 11). Meaning that the 

permanent cationic centre stabilizes the zwitterionic state. This result emphasized the possible 

application of P(Me₃Lys-OH-AAm) as a zwitterionic-to-cationic charge-shifting polymer. In the 

zwitterionic state, it might be resistant to non-specific protein adsorption in blood but may also switch to 

a positive charged polymer to enhance cellular internalization at target sites.  

 

Figure 11: The ζ-potential (green) and electrophoretic mobility (blue) of 2 mg mL-1 aqueous solutions of P(Me3Lys-
OH-AAm) (squares) and P(Lys-OH-AAm) (circles) at indicated pH values. Used from Ref. 1 under a Creative 

Commons CC – BY license. Copyright Wiley 2024 

Hydrophobicity was evaluated by comparing the high-performance liquid chromatography (HPLC) 

polymeric retention times (tret) and partition coefficients. Methylation increased hydrophobicity slightly 

following HPLC measurement, while partition coefficient measurements were inconclusive due 

incomplete phase separation of the organic and watery phase after mixing.  

To gain information about the protein fouling, the interactions of P(Lys-OH-AAm) and P(Me3Lys-OH-

AAm) were studied with two representative proteins: bovine serum albumin (BSA) and lysozyme, where 

BSA was chosen as a negative and lysozyme a positively charged model protein. The fouling properties 

with these proteins were investigated by measuring the possible formation of aggregates in Dubelcco’s 
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phosphate buffer solution (DPBS) (pH ≈ 7.4) over time using DLS. After 24h, only minor aggregates 

were observed for P(Lys-OH-AAm) or P(Me3Lys-OH-AAm) in combination with BSA (Fig 12A, B). 

P(Me3Lys-OH-AAm) forms nanoparticles in combination with Lysozyme with a hydrodynamic diameter 

(dh) ≈ 30 nm after 24 hours, however these are also observed without the addition of any protein in 

DPBS (Fig 12D). In comparison, the interaction between lysozyme and P(Lys-OH-AAm) (Fig 12C) 

seems to be lower, as the formed aggregates are significantly smaller (dh <10 nm). Nevertheless, both 

polymers retained low fouling behavior and remained well dispersed under physiologically relevant 

conditions. 

 

Figure 12: Number size distributions of polymer-protein-mixtures. The concentration of polymers and proteins was 
0.5 mg mL-1 each in DPBS. Sizes were analyzed by DLS measurements at 37 °C. Values (scatter) represent the 

mean and SD of five measurements with three runs each. Dashed lines do not represent measured values. A and 
C: P(Lys-OH-AAm) with BSA and lysozyme, respectively. B and D: P(Me3Lys-OH-AAm) with BSA and lysozyme, 

respectively. Used from Ref. 1 under a Creative Commons CC – BY license. Copyright Wiley 2024 

Eventually, cytocompatibility testing demonstrated that both P(Lys-OH-AAm) and P(Me₃Lys-OH-AAm) 

were well tolerated by MDA-MB-231 breast cancer cells up to concentrations of 1 mg mL⁻¹, indicating 

that the introduction of a permanent cationic center did not introduce appreciable cytotoxicity in the 

tested range. 

In conclusion, a synthetic methylation strategy is developed to obtain chiral amino-acid-derived PBs via 

two synthetic strategies, either RAFT polymerization of a betaine like monomer or PPM of a prepolymer 

with an activated ester side-chain (Fig 8). It was further shown, by both pH titration and ζ -potential 

measurement, that the positive charge broadens the pH window of zwitterionic behavior. The permanent 

positive charge has small effect on the retention time during HPLC measurement just as it has a minimal 

effect on the protein interactions. For the last, it was observed that both polymers retained low fouling 

behavior at physiological conditions. The synthetic strategy together with the low fouling behavior and 
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cytocompatibility testing forms the foundation for the later studies (§3.4), where hydrophobicity and 

charge state are systematically varied in larger libraries and directly correlated with cell association and 

uptake. 

. 
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3.3 Amino-Acid-Derived Anionic Polyacrylamides with Tailored 

Hydrophobicity 

 

Scheme 7: Schematic representation of the synthesis of carboxylated polyacrylamides with tailored 
hydrophobicity via PPM of PPFPA with indicated amino acids, yielding anionic polymers with varying alkyl 

substituents. Used from Ref. 3 under a Creative Commons CC – BY license. Copyright American Chemical 

Society 2024. 

The second publication focuses on polyanions, a promising class of pH-responsive polymers for 

intracellular delivery. Polycarboxylates are negatively charged at physiological pH and thus internalize 

into cells via membrane engulfment, referred to as endocytosis, without any cell disruption and therefore 

interesting for biomedical applications. During endosomal maturation, however, the pH decreases from 

approximately 6 in early endosomes to around 4.5 in lysosomes. In this acidic environment, pH-

responsive polyanions get protonation, leading to loss or reduction of their anionic character. The 

protonation can increase membrane interaction of polyanions by a decreased ionic repulsion between 

polymers and the cell membrane. The resulting increase in membrane affinity can promote endosomal 

destabilization and facilitate endosomal escape. Importantly, this process is further influenced by an 

increase in polymer hydrophobicity for which a balance must be achieved while sufficient hydrophobicity 

supports the membrane interaction and excessive hydrophobicity risks inducing cytotoxicity. 

We aim in this study to design a library of amino-acid-derived anionic polyacrylamides P(AA−OH-AAm) 

with systematically varied alkyl side-chain (length and branching) and to correlate it to their 

physicochemical properties being, pKa, hydrophobicity and pH-responsiveness. Additionally, we aim to 

correlate physiochemical properties with protein fouling, cell association and preliminary uptake 

behavior. The central question was to what extent side-chain hydrophobicity alone, at fixed backbone 

and Xn, can influence cellular interactions and get an initial understanding of their potential applications 

in a biological environment.  

[3] De Breuck, J.; Streiber, M.; Ringleb, M.; Schröder, D.; Herzog, N.; Schubert, U.; Zechel, S.; Traeger, A.; Leiske, L.; Amino-

Acid-Derived Anionic Polyacrylamides with Tailored Hydrophobicity–Physicochemical Properties and Cellular Interactions. ACS 

Polymers Au, 2024, 4, 3, 222-234 
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To ensure high comparability with a fixed backbone and Xn, all P(AA−OH-AAm) were synthesized via a 

PPM approach from the same side-chain functionalized activated ester prepolymer, namely, PPFPA. 

The reactive prepolymer was obtained in a controlled manner by RAFT polymerization with narrow 

dispersity (Đ ≈ 1.32). The screened P(AA−OH-AAm) were derived from neutral α-amino acids with 

different alkyl substituents in α position, namely, glycine (Gly), Ala, aminobutyric acid (Abu), norvaline 

(Nva), valine, iso-leucine, and leucine, which were all used in their L-stereospecific form. This library 

allowed for a comparison of the effect of increasing hydrophobicity (Gly < Ala < Abu < Nva) as well as 

the effect of side-chain branching (Scheme 7) 

A particular challenge in the PPM approach was the poor solubility of amino acids in organic solvents. 

Eventually, dimethylformamide was chosen as it was believed to at least partially solubilize the amino 

acids at elevated temperatures. Successful and quantitative conversion of the activated ester was 

achieved after heating at 40°C for 72 hours and was confirmed via 1H, 19F-NMR and FTIR spectroscopy. 

Generally, 1H-NMR showed the appearance of the C-H adjacent to the newly formed amide bond while 

at the same time no peaks could be observed in the 19F-NMR spectra of each P(AA−OH-AAm). 

Additionally, the FTIR spectra shows the conversion of functional groups by a shift in absorption band 

from a carbonyl adjacent to PFPP at ṽ = 1780 cm−1 to a carbonyl group in an amide bond at ṽ = 1550 

cm−1. As an example, the FTIR spectra of PPFPA and P(Nva-OH-AAm) are shown (Fig. 13). 

 

 

Figure 13: FTIR spectra of poly(pentafluorophenyl acrylate) (green) and P(Nva-OHAAm) (blue). Used from Ref. 3 

under a Creative Commons CC – BY license. Copyright American Chemical Society 2024. 

SEC measurements in 0.07 M aqueous Na2HPO4 as eluent revealed shorter elution times for P(AA−OH-

AAm) with increasing alkyl side-chains as could be expected due increased molar mass and higher 

hydrodynamic volume. Interestingly, terminal short chain branching and branching feature later elution 

times due to their decreased sterical hindrance and more compact polymer alignment.  
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Hydrophobicity was evaluated via partition coefficient measurements and HPLC retention times, while 

pH-dependent ionization was quantified by titration and ζ-potential analysis. HPLC measurements of all 

6-aminofluorescein-labeled P(AA−OH-AAm) on a reversed-phase column revealed in increase in 

retention time upon increase in number of carbons in the α-substituted amino acid. However, side-chain 

alkyl branching did not affect the retention time and, therefore, hydrophobicity. This was confirmed by 

partition coefficient measurements at pH ═ 7. Remarkably, titration of all P(AA-OH-AAm) revealed pKa 

values between 4.8 and 5.5 attributed to the carboxylic acid in the side-chain and similar to poly(acrylic 

acid) (pKa ≈ 4.5), despite clear differences in hydrophobicity and side-chain structure. This suggests 

that the α-substituted amino acid moieties can be used to modulate hydrophobicity largely independently 

of the acid dissociation equilibrium. Additionally, ζ-potential measurements of P(AA−OH-AAm) in DPBS 

verified the expected negative surface charge at the physiological pH of the bloodstream. DLS 

measurements at polymer concentrations of 2 mg mL-1 in DPBS excluded possible formation of 

aggregates, which could lead to an altered uptake profile.  

 

Figure 14: HPLC chromatograms (acetonitrile/water gradient, 0.1V% TFA) of P(AA-OH-AAm). Spectra show the 
absolute fluorescence intensity of eluting 6AF-labeled polymers (λex = 480 nm; λem = 520 nm). Used from Ref. 3 

under a Creative Commons CC – BY license. Copyright American Chemical Society 2024 

Similar to the first publication, protein fouling was studied using DLS to measure the formation of 

possible aggregates of P(AA-OH-AAm) over time in mixtures with model proteins. Therefore, the 

interaction of two representatives, being the more hydrophilic, P(Gly-OH-AAm), and the more 

hydrophobic, P(Nva-OH-AAm), with two representative proteins: BSA and lysozyme were measured. 

Mixtures of P(Nva-OH-AAm) and lysozyme formed large nanoparticles (dh ≈ 700 nm) while P(Gly-OH-

AAm) formed smaller aggregates (dh ≈ 150 nm) which were both expected due the stronger interaction 

between polyanions and cationic proteins. As expected, mixtures of BSA and P(Nva-OH-AAm) only 

revealed a minor formation of aggregates, while surprisingly aggregation of P(Gly-OH-AAm) with BSA 

was observed. This might be explained by increased exposure of the hydrophobic polymer backbone. 

Before studying cell association, cytocompatibility was evaluated by MTT assay with L929 mouse 

fibroblasts, showing that all P(AA-OH-AAm) were well tolerated up to 0.1 mg mL⁻¹. Hemolysis and 
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erythrocyte aggregation assays confirmed the absence of membrane disruption at pH 7.4 and 6, 

indicating a favorable balance between anionic character and hydrophobicity.  

Cell association was then investigated by flow cytometry using 6-aminofluorescein-labeled polymers. 

For all seven polyanions, both the fraction of 6AF-positive cells and the mean fluorescence intensity 

(MFI) increased over time. Here, polymers with more hydrophobic amino acids (i.e., Nva, valine, iso-

leucine, and leucine) exhibited rapid and higher cell association, reaching ≥70% 6-aminofluorescein-

positive cells after 1 h, whereas more hydrophilic polymers (Gly, Ala and Abu) associated more slowly 

and followed an inverse trend relative to their hydrophobicity (Gly > Ala > Abu). The last can in 

combination with the protein-fouling experiments be related to some hydrophobic character of the 

polymer backbone.  

As the P(AA-OH-AAm)s are polyanions and therefore negatively charged at physiological pH, as shown 

by, ζ-potential measurements, they are expected to enter cells predominantly through membrane 

engulfment processes, such as endocytosis, without causing membrane disruption. Typically, polymer 

association or uptake via active pathways, including endocytosis or macropinocytosis, can be 

suppressed when the incubation temperature is reduced from 37 to 4 °C. Surprisingly, however, neither 

the number of 6AF-positive cells nor the MFI decreased substantially under low-temperature conditions 

(Fig 15), indicating that the polymers do not rely on an active uptake mechanism. 

 

Figure 15: Cellular association of different 6AF-labeled P(AA−OH-AAm) determined via flow cytometry 
measurements. Polymer concentration: 1 mMRU, 50,000 cells seeded in 250 μL in a 48 well plate. incubation at 37 
or 4 °C in DMEM supplemented with 10% FBS for 4 h. Statistical analysis (one-way ANOVA with Tukey test) was 
performed for 4 h incubation time. Used from Ref. 3 under a Creative Commons CC – BY license. Copyright 

American Chemical Society 2024 

To further investigate the interaction between P(AA−OHAAm) with cells, imaging via CLSM was 

performed. After 4 h of incubation, a strong colocalization of 6AF-labeled P(Nva-OH-AAm) with the cell 

membrane was observed and no intracellular 6-aminofluorescein signal was detectable (Fig. 16). This 

provides further clarification on the temperature study as polymer association to the cell membrane 

happens in a passive way. Further incubation for 24 h showed intracellular spot-like 6AF signals 
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indicating a vesicular localization and, consequently, active albeit very slow polymer internalization (Fig. 

16). 

 

Figure 16: Cellular uptake of 6AF-labeled P(Nva-OH-AAm) into L929 mouse fibroblasts visualized by CLSM. Cells 
were incubated with polymers at 37 °C for indicated times. Cyan: Hoechst 33342/nucleus. Red: CellMask Plasma 
Membrane Stain/membrane. Blue: 6AF/polymer. Used from Ref. 3 under a Creative Commons CC – BY license. 
Copyright American Chemical Society 2024 

Beyond establishing a clear relationship between side-chain hydrophobicity, tret and protein interactions, 

the second publication also provides important insights into how P(AA-OH-AAm) interact with cells over 

time. Compared with previous reports on polymer uptake, the kinetics observed here are noticeably 

slower, however lead to a pronounced internalization of the more hydrophobic anionic polymers. Such 

a combination of slow uptake but strong membrane association of anionic polymers appears to be 

relatively uncommon in literature and therefore particularly noteworthy in the context of designing 

intracellular delivery systems.  

These observations can be understood by the specific balance of anionic charge and hydrophobic 

character as on the one hand, non-ionic hydrophobic polymers are typically known to strongly interact 

with cell membranes. At the other, anionic polymers generally show very low interaction due to 

electrostatic repulsion from the negatively charged membrane. In the present system, increasing the 

alkyl chain length simultaneously increased hydrophobicity and decreased the charge density of the 

polymer, thereby reducing repulsion and enabling association with the membrane. This trend is shown 

by HPLC measurements, while the protein fouling and cell association experiments show that more 

hydrophobic, less densely charged polyanions interact more strongly with proteins and cell surfaces, 

but still without inducing acute cytotoxicity or hemolysis under the tested conditions. These results 

highlight the existence of an optimum window where hydrophobicity and charge density are balanced 

as sufficient hydrophobicity is required to promote membrane interaction. The amino-acid-derived 

nature of the side-chains, likely further contributes to the observed behavior by facilitating interactions 

with the cell surface compared to purely synthetic moieties.  

In the broader context of the thesis, these findings strongly motivate the studies in §3.4. The unusual 

combination of slow but strong membrane accumulation in the polyanion library raised the question of 
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how general this behavior can be exploited and to what extent it depends on overall charge state (anionic 

vs zwitterionic). 

 

3.4 Impact of the Polymer Side-Chain Chemistry on Interactions of 

Amino-Acid-Derived Polyelectrolytes with Cells 

The third publication represents the integrative part of this thesis and, therefore, builds directly on the 

structure–property relationships uncovered in publication II, extending them to a mixed library of 

zwitterionic and anionic polymers with both aliphatic and aromatic side-chains. By doing so, it aims to 

study the mechanistic understanding of how hydrophobicity, charge distribution, and biomimetic 

design determine protein fouling, cell association, and intracellular uptake across this entire class of 

amino-acid-derived polyelectrolytes. This was of particular interest as polyelectrolytes can be designed 

to control (i) intermolecular interactions such as polymer-protein interactions (i.e. reduce aggregation 

with proteins), (ii) self-assembly to form higher-level structures for stable drug transport in the biological 

environment, and (iii) responsiveness to external stimuli to facilitate cellular uptake into the targeted 

cells. 

Therefore, a small but defined library of five polymers, where different amino acid or amino acid-like 

structures are substituted in the side-chain to obtain zwitterionic or anionic analogue amino acid-derived 

polyelectrolytes. This was designed in a way, only the side-chain motif is changed while the polymer 

backbone, Xn, and Đ are kept as constant as possible by relying on the PPM method (Scheme 8). The 

five polymers study the influence of the side-chain motifs: (i) aliphatic vs aromatic side-chains, (ii) 

permanent vs non-permanent charge, and (iii) zwitterionic vs anionic patterns. The influence of both the 

charge character and aromaticity on the hydrophilicity of the polyelectrolytes was measured by HPLC, 

while aggregation under influence of the full pH range for complete material characterization. Additional 

experiments in the presence of proteins or more complex protein mixtures were measured by DLS. 

Together with cell association with different cancer and non-cancer cell lines, these studies are 

performed to provide information regarding structural driving forces for the association efficiency. 



66 | 3.4 Impact of the Polymer Side-Chain Chemistry on Interactions of Amino-Acid-Derived 
Polyelectrolytes with Cells 

 
 

 

Scheme 8: Synthetic overvies of P(Boc-Lys-OH-AAm), P(Me3Lys-OMe-AAm), P(Hex-OH-AAm), P(Boc-Phe-OH-
AAm) and P(PhenylPr-OH-AAm) via PPM. (1) Et3N, DMF and Boc-Lys-OH, Me3Lys-OMe-NH2, 6-aminohexanoic 
acid, Boc-4-aminophenylalanine and 3-(4-aminophenyl)propanoic acid, respectively. 24 h at room temperatures (2) 

50:50 [TFA/H2O], overnight at room temperature (3) 0.1 M NaOH, 24 h at room temperature. 

For comparability, also here, the polyelectrolytes were obtained via PPM of PNAS, which was obtained 

from RAFT polymerization and subsequently reacted with different amino acids to design three different 

polyzwitterions as well as two corresponding polyanions. Consequently, the PPM of PNAS with five 

different reagents was conducted: (i) Me3Lys-OMe-NH2, (ii) Boc-Lys-OH, (iii) Boc-4-

aminophenylalanine, (iv) 6-aminohexanoic acid, and (v) 3-(4-aminophenyl)propanoic acid. The 

successful PPM was verified via 1H NMR measurements, showing the disappearance of the 

characteristic peak of NAS at 𝛿 = 2.8 ppm after the reaction, indicating full conversion. This is exemplary 

shown for the PPM with Boc-Lys-OH (Fig 17). Further deprotection of the Boc-protected intermediates 

and hydrolysis of the methyl ester group yielded the targeted polymers. In addition, the Cy5-labeled 

polymers, which are needed for cell association experiments, were synthesized via sequential PPM with 

Cy5-amine and the respective amino acids. 
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Figure 17: 1H NMR spectra (300 MHz) of poly(N-acryloyl succinimide) (green, DMSO), P(BocLys-OH-AAm) (cyan, 

D2O) and P(Lys-OH-AAm) (blue, D2O) 

The physiochemical properties of the synthesized polyelectrolytes were determined by combining 

HPLC, DLS, and electrophoretic light scattering. The Cy5-labeled polymers were analyzed by their tret 

after reversed-phase HPLC at pH ≈ 2 to determine their relative hydrophobicity. The anionic polymers 

P(PhenylPr-OH-AAm)-Cy5 (tret ≈ 16 min) and P(Hex-OH-AAm)-Cy5 (tret ≈ 15 min) showed the longest 

retention times, indicating the highest hydrophobicity within the library (Table 1). This increased 

hydrophobicity is attributed to protonation of the carboxylic acids at pH 2 and, in the case of P(PhenylPr-

OH-AAm), to the enhanced polarizability and London dispersion interactions of the aromatic spacer 

relative to the purely aliphatic hexyl spacer. In contrast, the polyzwitterions P(Lys-OH-AAm)-Cy5, 

P(Me₃Lys-OH-AAm)-Cy5, and P(Phe-OH-AAm)-Cy5 all exhibited similar retention times (~12 min), 

suggesting that neither aromaticity nor a permanent positive charge significantly alters their 

hydrophobicity under these conditions. These HPLC results extend and refine the trends observed in 

the second publication as hydrophobicity could already be tuned via α-substituted amino acids. The 

present study shows that aromatic spacers can further amplify hydrophobicity in anionic systems, while 

zwitterionic systems remain comparatively hydrophilic even upon introduction of aromatic groups. 

Table 1: Polymer characteristics 

Polymer Ma 

[Da] 

Xn ,theo
b Mn,theo

b  

[kDa] 

Mn,app
c 

[kDa] 

Đc tret
d 

[min.] 

P(Lys-OH-AAm) 200.24 193 38.5 1.9 3.27 11.80 

P(Me3Lys-OH-AAm) 243.33 188 46.5 10.7e 1.96e 11.75 

P(Hex-OH-AAm) 185.22 193 35.6 16.5 2.30 14.49 

P(Phe-OH-AAm) 234.25 193 45.0 13.0 2.14 11.97 

P(PhenylPr-OH-AAm) 219.24 193 42.1 11.0 2.71 15.94 

aMolar mass (M) of repeating unit RU after deprotection. b Xn,theo
 and Mn,theo was calculated from 1H-NMR. c Mn,app and Đ was 

determined by aqueous SEC measurements (0.07M Na2HPO4) on a Suprema column set (PMA standard). d tret
 obtained from 

HPLC using a reversed phase column with a water/acetonitrile mixture + 0.1 vol% trifluoroacetic acid as eluent. edetermined by 

aqueous SEC measurements (80/20 V% [H2O/ACN] + 0.1M NaCl + 0.3% TFA) on a Novema column set (P2VP standard). 
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pH-dependent DLS measurements provided complementary information on self-assembly and 

aggregation. For the polyanions, large dh (>1000 nm) were observed around and below their pKa values 

(pH 3–5), in agreement with partial or full protonation of the carboxylic acid side-chains and consequent 

loss of electrostatic repulsion. At higher pH, both polyanions formed significantly smaller particles (dh ≈ 

1–10 nm) (Fig 18A). These observations are consistent with the known pKa values of hexanoic acid and 

3-phenylpropanoic acid and illustrate how slight differences in side-chain structure determine 

aggregation behavior at biologically relevant pH values. For the polyzwitterions, P(Lys-OH-AAm) 

remained mostly dissolved (dh ≈ 10 nm) across the entire pH range from 3 to 11, whereas P(Phe-OH-

AAm) and P(Me₃Lys-OH-AAm) showed the formation of small aggregates (Dh ≈ 20–160 nm) around pH 

6–7, close to their PI (Fig 18B). Such aggregation at mildly acidic pH resembles behavior previously 

associated with enhanced tumor retention, as the extracellular pH in solid tumors often lies between 6.5 

and 6.8. This suggests that the polyzwitterions may also be tuned for pH-triggered changes in solubility 

and aggregation in the tumor microenvironment. 

     

Figure 18:  pH dependent number size distribution of A: P(Hex-OH-AAm). B: P(Me3Lys-OH-Aam). in water (2 mg 
mL-1) determined by DLS measurements. Values (scatter) represent the mean and SD 

Protein fouling was investigated using lysozyme (positively charged model protein) and BSA (negatively 

charged protein) in DPBS at pH 7.4. DLS measurements revealed no significant aggregation for the 

polyzwitterions with either lysozyme or BSA, again confirming the low-fouling character of 

polyzwitterions. By contrast, the anionic polymers displayed markedly different behavior as P(Hex-OH-

AAm) remained stable in the presence of lysozyme over 24 h, whereas P(PhenylPr-OH-AAm) 

immediately formed large aggregates upon mixing, leading to visible sedimentation and strongly 

reduced scattering signals at later time points (Fig 19). Additionally, no aggregation was observed for 

either polyanion in mixtures with BSA. This difference between non-aggregating aliphatic and 

immediately aggregating aromatic polyanions can be rationalized by looking at the HPLC data obtained 

here and in the second publication. In the polyanion series, the more hydrophilic P(Gly-OH-AAm) (tret ≈ 

13.2 min) formed small, stable aggregates with lysozyme (Dh ≈ 150 nm), whereas the more hydrophobic 

P(Nva-OH-AAm) (tret ≈ 16.3 min) formed substantially larger complexes (Dh ≈ 700 nm). In the present 

study, P(PhenylPr-OH-AAm) (tret ≈ 15.9 min) exhibits a retention time comparable to P(Nva-OH-AAm) 

and shows immediate aggregation with lysozyme, while P(Hex-OH-AAm) (tret ≈ 14.5 min) falls between 
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P(Gly-OH-AAm) and P(Nva-OH-AAm) and does not aggregate. Building on these findings, further 

fouling experiments were conducted in PBS containing 10 V% FBS to evaluate potential polymer 

aggregation under biologically relevant conditions. This experiment showed no aggregation with each 

individual polymer over a period of 5 h. 

 

 

Figure 19: Number size distribution of A: P(Hex-OH-AAm). B: P(PhenylPr-OH-AAm). in Lysozyme-mixtures. The 
concentration of polymers and proteins was 0.5 mg mL-1 each in DPBS. Sizes were analyzed by DLS measurements 
at 37 °C. Values (scatter) represent the mean and SD of five measurements with three runs each. Lines do not 
represent measured values.    

With the physicochemical profile established, the cellular interactions of all five Cy5-labeled polymers 

were investigated by MTT assays, flow cytometry, and CLSM. MTT assays with MDA-MB-231 breast 

cancer cells confirmed that all polymers were well tolerated up to 1 mg mL⁻¹, after 24 h of incubation, a 

concentration an order of magnitude higher than used in association experiments, and in agreement 

with earlier findings on amino-acid-derived polyanions. 

Cell association was first quantified by flow cytometry in four cell lines: two human cancer cell lines 

(MDA-MB-231, HCC-78), murine NIH 3T3 fibroblasts, and non-tumorigenic human mammary epithelial 

cells (MCF10A). Non-ionic PNAM-Cy5 served as standard, as non-ionic polymers showed unspecific 

association, and as a result all MFIs were normalized accordingly (Fig 20). Generally, the interaction of 

P(Me3Lys-OH-AAm)-Cy5 with MDA-MB-231 was higher compared to HCC-78 cells in flow cytometer 

measurement. However, the fluorescence images showed a similar uptake compared to P(Lys-OH-

AAm)-Cy5, which indicates that the negative membrane charge of HCC-78 cells is less pronounced and 

the interactions between MDA-MB 231 and P(Me3Lys-OH-AAm)-Cy5 are increased. When comparing 

these association results to the polymer association with NIH 3T3 fibroblasts, it was observed that the 

overall polymer association was significantly lower compared to cancer cell lines - except for P(Me3Lys-

OH-AAm)-Cy5, which showed the highest association to the fibroblasts. An explanation for these results 

may be found in the extracellular matrix of fibroblasts, which is composed of a higher quantity of 

hyaluronic acid and thus repel anionic charged polymers. For the non-tumorigenic human breast cells 

(MCF10A), the interaction between the permanently, positively charged P(Me3Lys-OH-AAm)-Cy5 is 

statistically significant lower (p < 0.05) since the cell membrane charge is less negative compared to 

both investigated cancer cell lines. Consequently, the permanently charged P(Me3Lys-OH-AAm) 
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exhibits the highest potential for further investigations of specific interaction with cancer cells without 

affecting healthy human cells – albeit these association studies provide no direct information about this 

context. 

 

Figure 20: Cellular association of Cy5-labelled polymers with HCC-78, MDA-MB-231, NIH 3T3, and MCF10a as 
determined by flow cytometry. The cells were seeded in 24-well plates (50,000 cells/well) and incubated with 2.5 
µM polymer solutions (500 μL of FBS-containing cell culture media) at indicated temperatures for 4 h. Values 

represent mean and SD (n = 4). *Indicates a significance of p < 0.05 

CLSM with MDA-MB-231 cells provided spatial insight into polymer localization. After 1 h incubation, 

the intracellular fluorescence signal was comparatively weak for the polyzwitterions, whereas both 

polyanions exhibited strong intracellular signals and clear colocalization within the cytoplasm (Fig 21). 

Interestingly, P(Phe-OH-AAm)-Cy5 displayed a slower uptake behavior: its intracellular signal was lower 

after 1 h but increased noticeably after 4 h, pointing to a delayed internalization relative to its aliphatic 

counterparts. These observations align with the hydrophobicity and protein-fouling trends: hydrophobic, 

especially aromatic, anionic polymers associate more rapidly with cells and are internalized more 

efficiently, while polyzwitterions are more stealth-like and slower to enter cells. 
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Figure 21: MDA-MB-231 cancer cells visualised by CLSM 1 h after treatment with polymers. Blue: Hoechst 
33342/nucleus. Yellow: Cell membrane (CellMaskTM Green Plasma Membrane stain). Magenta: Cy5/polymer 
channel.  Cells were treated with Cy5 modified polymers A: P(Lys-OH-AAm)-Cy5. B: P(Me3Lys-OH-AAm)-Cy5. C: 

P(Hex-OH-AAm)-Cy5. D: P(Phe-OH-AAm)-Cy5 E: P(PhenylPr-OH-AAm)-Cy5 

To elucidate the uptake mechanism, T-dependent cell association was studied. Here, approximately 

60–80% in MFI at 4 °C compared with 37 °C was observed for all polymers, indicating that uptake is 

predominantly active and energy dependent. Therefore, a panel of competitive inhibitors targeting AATs 

overexpressed in MDA-MB-231 cells (sodium-coupled Neutral Amino Acid Transporter 1/2, ASCT1/2, 

LAT1/2, cystein/glutamate-antiporter, monocarboxylate transporter 4) was applied, alongside 

competitive free amino acids (leucine, phenylalanine, Glu). Surprisingly, no strong, transporter-specific 

inhibition was observed. These data suggest that AATs are not the dominant uptake pathway for the 

studied polyelectrolytes and that other, more general endocytic mechanisms are likely responsible. 

Conclusively, the cellular experiments reveal a clear correlation between hydrophobicity, which is 

characterized by HPLC (tret) and consequently its protein fouling. It is shown that hydrophobicity is a key 

determinant of both the extent and speed of cell association and internalization, especially for anionic 

systems. Generally, the third publication reaches over the topics of this thesis by integrating and 

extending the structure–property relationships established in the first and second publication into a 

unified, side-chain-focused framework. It has shown that hydrophobicity, determined by HPLC, is a 

crucial parameter giving a strong indication in not only protein fouling but also cell association. The 

charge (zwitterionic vs anionic) has its influence on stealth and interacting properties as polyzwitterions 

remain low-fouling with a slower uptake consequently. Polyanions, on the other hand, engage more 

strongly with cells and proteins, especially when they are more hydrophobic. This higher hydrophobicity 

can be achieved by incorporating an aromatic group in the side-chain. In combination with the synthetic 

toolbox for chiral polybetaines developed in the first publication and the hydrophobicity gradient 

established for anionic polyacrylamides in the second publication, the third publication completes a 

comprehensive structure–property–function map for amino-acid-derived, pH-responsive 

polyelectrolytes.

B) C)A) D) E)
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4 Publications 

4.1 Individual contributions to joint publications 

All publications included in this thesis are the result of close collaborative work of several researchers 

across multiple disciplines. The individual contributions of each author and coauthor are given in this 

section. 

Publication I: Zwitterionic Amino-Acid-Derived Polyacrylamides with a Betaine Twist – Synthesis 

and Characterization 

Jonas De Breuck, Valérie Jérôme, Ruth Freitag, Meike N. Leiske 

Macromol. Rapid Commun. 2025, 46, 2400623, DOI: 10.1002/marc.202400623 

 

The first publication focusses on the development of a synthetic toolbox for chiral, amino-acid-derived 

polybetaines. It introduces a robust methylation strategy to generate lysine-based betaine-like 

monomers and polymers using both direct polymerization and PPM routes. I conducted all the synthetic 

work. Characterization such as NMR was conducted by me. FTIR measurements were performed by 

me in the lab of Prof Brendel. HPLC measurements were performed by me in the labs of Prof Scheibel. 

DLS and ELS measurements were also performed by me in the labs of Prof Dr Papastavrou. matrix-

assisted laser-desorption/ionization time of flight mass spectrometry was performed by Roman 

Schneller in the labs of Prof Dr Brendel. pH-titration was performed by me under the assistance of 

Marius Alexander Methfessel. Rika performed SEC measurements of the obtained polymers at the chair 

of Prof Dr Greiner. Preliminary biocompatibility assessment was conducted under the assistance of Jana 

Ulmann and supervision of Dr Jérôme in the labs of Prof Dr Freitag. Prof Dr Leiske, Prof Freitag and Dr 

Jérôme were involved in scientific discussions during the project, in the interpretation of the results and 

in the outline of the manuscript. I prepared the figures and wrote the initial draft of the manuscript. All 

authors were involved in finalizing the manuscript and in the revision of the manuscript. 
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Publication II: Amino-Acid-Derived Anionic Polyacrylamides with Tailored Hydrophobicity–

Physicochemical Properties and Cellular Interactions 

Jonas De Breuck, Michael Streiber, Michael Ringleb, Dennis Schröder, Natascha Herzog, Ulrich S. 

Schubert, Stefan Zechel, Anja Traeger, Meike N. Leiske 

ACS Polym. Au 2024, 4, 3, 222–234. DOI: 10.1021/acspolymersau.3c00048 

 

The second publication focusses on amino-acid-derived anionic polyacrylamides with systematically 

varied hydrophobicity and branching are created. Michael Ringleb performed the PPFPA synthesis 

under supervision of Dr Stefan Zechel. I conducted all the PPM synthesis with support from Natascha 

Herzog. Characterization such as 1H NMR and 13C NMR was conducted by me while 19F NMR was 

conducted by Dennis Schröder. FTIR measurements were performed by me in the lab of Prof Dr 

Brendel. HPLC measurements were performed by me in the labs of Prof Dr Scheibel. DLS and ELS 

measurements were also performed by me in the labs of Prof Dr Papastavrou. pH-titration and 

measurement of the partition coefficient was performed by me. Rika performed SEC measurements of 

the obtained polymers at the chair of Prof Dr Greiner, except for PPFPA which was measured in Jena. 

Biological assessments were conducted in Jena by Michael Streiber under the supervision of Dr Traeger 

in the labs of Prof Dr Schubert. Jonas De Breuck, Michael Streiber, Michael Ringleb, Dr Zechel, Prof Dr 

Traeger and Prof Dr Leiske were involved in scientific discussions during the project, in the interpretation 

of the results and in the outline of the manuscript. I prepared the figures and wrote the initial draft of the 

manuscript. All authors were involved in finalizing the manuscript and in the revision of the manuscript. 
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Publication III: Impact of the polymer side-chain chemistry on interactions of amino-acid-derived 

polyelectrolytes with cells 

Jonas De Breuck, Theresa M. Lutz, Christian Jahns, Jonas Debbeler, Valérie Jérôme, Ruth Freitag, 

Anja Traeger, Meike N. Leiske 

Submitted to Journal of Material Chemistry B, currently under peer-review 

The third publication focusses on the investigating of a library of amino-acid-derived polyelectrolytes, 

being zwitterions and their anionic analogues, with either aliphatic or aromatic spacers, obtained from 

one activated ester precursor via PPM. I conducted all the synthetic work with the assistance of Christian 

Jahns. Characterization such as NMR was conducted by me. HPLC measurements were performed by 

me in the labs of Prof Dr Scheibel. DLS and ELS measurements were also performed by me in the labs 

of Prof Dr Brendel. Robert Bätz and Sebastian Städter performed SEC measurements of the obtained 

prepolymers at the chair of Prof Dr Brendel. All post modified polymers were measured on an aqueous 

SEC system in our lab. Biocompatibility assessment and cell association/uptake experiments were 

conducted by me with the assistance of Dr Lutz under supervision of Dr Jérôme in the labs of Prof Dr 

Freitag. CLSM measurements were performed by Jonas Debbeler und supervision of Dr Traeger. Jonas 

De Breuck, Dr Lutz, Jonas Debbeler, Dr Traeger, Prof Dr Leiske, Prof Dr Freitag and Dr Jérôme were 

involved in scientific discussions during the project, in the interpretation of the results and in the outline 

of the manuscript. I prepared the figures and wrote the initial draft of the manuscript. All authors were 

involved in finalizing the manuscript and in the revision of the manuscript. 
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