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1 Summary 

 

This project was focused on generating ultra-thin stimuli-responsive membranes with an 

embedded transmembrane protein to act as the pore. The membranes were formed by 

crosslinking of transmembrane protein-polymer conjugates. The conjugates were 

self-assembled on air-water interface and the polymer chains crosslinked using a 

UV-crosslinkable comonomer to engender the membrane. The protein used for the 

studies reported herein was one of the largest transmembrane channel proteins, ferric 

hydroxamate uptake protein component A (FhuA), found in the outer membrane of 

Escherichia coli (E. coli). The wild type protein and three genetic variants of FhuA were 

provided by the group of Prof. Schwaneberg in Aachen. The well-known 

thermo-responsive poly(N-isopropylacrylamide) (PNIPAAm) and the pH and 

thermo-responsive polymer poly((2-dimethylamino)ethyl methacrylate) (PDMAEMA) 

were conjugated to FhuA and the genetic variants via controlled radical polymerization 

(CRP) using grafting-from technique. These polymers were chosen because they would 

provide stimuli handles in the resulting membranes. The reported polymerization was 

the first ever attempt to attach polymer chains onto a membrane protein using 

site-specific modification. 

 

The conjugate synthesis was carried out in two steps – a) FhuA was first converted into 

a macroinitiator by covalently linking a water soluble functional CRP initiator to the lysine 

residues. b) Copper-mediated CRP was then carried out in pure buffer conditions with 

and without sacrificial initiator to generate the conjugates. 

 

The challenge was carrying out the modifications on FhuA without denaturing it. FhuA, 

being a transmembrane protein, requires amphiphilic species to stabilize its highly 

hydrophobic transmembrane region. For the experiments reported in this thesis, the 

stabilizing agent was 2-methyl-2,4-pentanediol (MPD). Since the buffer containing MPD 

cannot be considered a purely aqueous system, and also because MPD might interfere 

with the polymerization procedure, the reaction conditions were first optimized using a 
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model globular protein, bovine serum albumin (BSA). The optimum conditions were then 

used for the generation of conjugates with FhuA. 

 

The generated conjugates were shown to be highly interfacially active and this property 

was exploited to let them self-assemble onto polar-apolar interfaces. The emulsions 

stabilized by particles or conjugates are referred to as Pickering emulsions. Crosslinking 

conjugates with a UV-crosslinkable co-monomer afforded nano-thin 

micro-compartments. Interfacial self-assembly at the air-water interface and subsequent 

UV-crosslinking also yielded nano-thin, stimuli-responsive membranes which were 

shown to be mechanically robust. Initial characterization of the flux and permeation of 

water through these membranes is also reported herein. The generated nano-thin 

membranes with PNIPAAm showed reduced permeation at elevated temperatures 

owing to the resistance by the hydrophobic and thus water-impermeable polymer matrix, 

hence confirming the stimulus responsivity. 

 

Additionally, as a part of collaborative work with Dr. Changzhu Wu, TU Dresden, 

conjugates of three enzymes with current/potential industrial relevance (candida 

antarctica lipase B, benzaldehyde lyase and glucose oxidase) with stimuli-responsive 

polymers were synthesized. This work aims at carrying out cascade reactions in the 

Pickering emulsions generated by self-assembled enzyme-polymer conjugate. 
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2 Zusammenfassung 

 

Im Rahmen dieses Projekts wurden ultradünne Stimuli-responsive Membranen 

hergestellt, in die ein Transmembranprotein als Pore eingebettet ist. Die Membranen 

wurden durch das Verlinken von Transmembranprotein-Polymer Konjugaten an 

Grenzflächen hergestellt. Dazu wurden Konjugate an der Luft-Wasser-Grenzfläche 

selbstassembliert und die Polymerketten unter Verwendung eines UV-vernetzbaren 

Comonomers vernetzt. Als Protein wurde einer der größten Transmembran-

Proteinkanäle, welcher sich in der Natur in der äußeren Membran von Escherichia coli 

(E. coli) findet, verwendet, nämlich ferric hydroxamate uptake protein component A 

(FhuA). Das Wildtyp-Protein und drei genetische Varianten von FhuA wurden von der 

Gruppe von Prof. Schwaneberg in Aachen zur Verfügung gestellt. Das bekannte 

thermo-responsive Poly(N-isopropylacrylamid) (PNIPAAm) und das pH- und 

thermo-responsive Polymer Poly((2-dimethylamino) ethylmethacrylat) (PDMAEMA) 

wurden über kontrollierte radikalische Polymerisationen (CRP) via der grafting-from 

Technik an FhuA und die genetischen Varianten konjugiert. Diese responsiven 

Polymere wurden ausgewählt, weil die Eigenschaften der resultierenden Membranen 

folglich durch äußere Einflusse verändert werden können. Dabei handelt es sich um das 

erste Beispiel, Polymerketten von einem Membranprotein ortsspezifisch zu 

synthetisieren. 

 

Die Konjugatsynthese wurde in zwei Schritten durchgeführt - a) zuerst wurde ein FhuA 

Makroinitiator durch Anbinden funktioneller CRP Initiatoren an die Lysinreste des 

Proteins dargestellt. B) durch Kupfer-vermittelte CRP wurden dann in Pufferlösung 

sowohl mit als auch ohne Opferinitiator die Konjugate synthetisiert. 

 

Die Herausforderung bestand darin, FhuA zu modifizieren ohne das Protein dabei zu 

denaturieren. Als Transmembranprotein benötigt FhuA amphiphile Agentien, um seine 

hydrophobe Transmembran Region zu stabilisieren. Für die im Rahmen dieser Arbeit 

durchgeführten Experimente war das stabilisierende Agens 2-Methyl-2,4-pentandiol 

(MPD). Da der MPD-Puffer  nicht als rein wässriges Medium betrachtet werden kann, 
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und auch, weil MPD das Polymerisationsverfahren beeinflussen könnte, wurden die 

Reaktionsbedingungen zunächst unter Verwendung eines globulären Modellproteins, 

nämlich Rinderserumalbumin (BSA), optimiert. Die optimalen Bedingungen wurden dann 

für die Erzeugung von Konjugaten mit FhuA verwendet. 

 

Die Konjugate zeigten eine hohe Grenzflächenaktivität und diese Eigenschaft wurde für 

die Selbstassemblierung an polaren/apolaren Grenzflächen ausgenutzt. Wurden 

Emulsionen durch die Konjugate stabilisiert, so bezeichnet man dies als Pickering-

Emulsionen. Das Vernetzen von Konjugaten mit einem UV-vernetzbaren Co-Monomer 

führt zu nano-dünnen Mikrokompartimenten. Die Selbstassemblierung an der Luft-

Wasser-Grenzfläche und anschließende UV-Vernetzung ergaben nano-dünne, Stimuli-

responsive Membranen, die sich als mechanisch robust erwiesen. Eine erste 

Charakterisierung des Flusses und der Permeation von Wasser durch die Membranen 

wird ebenfalls in dieser Arbeit beschrieben. Die erzeugten nano-dünnen Membranen mit 

PNIPAAm zeigten eine verminderte Permeation bei erhöhten Temperaturen aufgrund 

der nun hydrophoben und damit wasserundurchlässigen Polymermatrix. 

 

Darüber hinaus wurden für eine Kooperation mit Dr. Changzhu Wu, TU Dresden, 

Konjugate von drei Enzymen mit industrieller Relevanz (Candida antarctica Lipase B, 

Benzaldehydlyase und Glucose-Oxidase) synthetisiert. Diese Arbeit zielt auf 

Kaskadenreaktionen in Pickering-Emulsionen, die durch selbstassemblierte Enzym-

Polymer Konjugate katalysiert werden. 
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3 Motivation 

 

Biomimicry, a term that gained scientific relevance since the 1960s, refers to the study of 

structures and functions of biological systems as models for designing solutions to 

challenging problems in engineering.1 Biomimicry can provide very effective solutions 

because they are derived from systems and processes that underwent millions of years 

of evolutionary perfection. Biological systems are organized in a hierarchical manner, 

with intricate architecture ultimately giving rise to functional components. A unique 

interplay of these functional components with the nature around gives rise to 

multi-functionalities and hence commercial interest.2 Cells and cell membranes have 

provided a lot of impetuous for biomimetic and bioinspired membrane research.1, 3 

 

Cells and their components, such as the phospholipids, liposomes and membrane 

proteins etc., have been the utopian standard for many membrane scientists to reach in 

synthetic membranes. Cell membranes show outstanding permselectivity and contain a 

lot of pores controlling and facilitating the transfer of water, ions, soluble and insoluble 

substrates and many other compounds critical to the survival of the cell and cellular 

functions. Many of these critical tasks are performed by integral membrane proteins.4 

 

Integral membrane proteins, despite challenging purification and characterization, have 

inspired awe from scientists and engineers alike.5 Aquaporins (AQPs) such as AQP1 

allow water to move freely and bidirectionally out of and into the cell, while at the same 

time restricting other small organic, inorganic molecules, ions and even protons.6-8 

Another interesting example are ion channels, some which have remarkable properties. 

For instance, K+ ion channel allows the larger K+ ions (radius 1.35 Å) to pass at high 

throughputs (108 ions per second) while restricting the smaller Na+ ions (radius 0.95 Å) 

by a factor of 1 to 10,000 compared to K+.5, 9 Such properties, if incorporated in synthetic 

membranes, would have great scientific and commercial value. 

 

The development of biotechnology in the last decades has provided us with remarkable 

tools to sculpt proteins in a number of interesting ways such as using rational redesign 
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(site-directed mutagenesis)10, 11 or directed evolution technology.12, 13 Hence, it is 

possible to tailor desired residues in desired location in a protein to be suitable, for 

instance, for efficient grafting-from polymerization.14 

 

If transmembrane channel proteins could be incorporated into synthetic membranes, the 

resulting membrane might be used for a lot of interesting applications. These 

applications may reach beyond the function of the membrane proteins. For example, 

with appropriate modification (genetic or chemical) to incorporate a chiral region in the 

protein channel, the membrane may be used for enantiomeric separation; a task either 

quite inefficient, or plagued with low yields and expensive at the moment. It would prove 

very useful in pharmaceutical,15, 16 agrochemical, food and fragrance industry.17, 18 

 

Attempts to generate biomimetic membranes with incorporated membrane channel 

proteins have been made before.1 However, either the membranes are thick19, 20 (hence 

deviating too far from their biological counterparts) or too weak to sustain stress (and 

additionally plagued by low incorporation of the protein into the membrane).21-25 Inspired 

by the work of Rijn et al.,26 the work presented in this thesis attempted to generate 

biomimetic membranes containing genetically tailored transmembrane proteins as the 

pore. The membranes were aimed to be mechanically stable, stimuli-responsive, 

nano-thin, and yet have a far larger area than any of those synthesized using polymer 

vesicles. This required generating transmembrane protein-polymer conjugate. Although 

interest in generating conjugates from membrane proteins has been shown before, it 

was not yet achieved.27, 28 This thesis presents for the first time, growth of polymer 

chains from a membrane protein using controlled radical polymerization. 
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4 Fundamentals 

 

4.1. Proteins and FhuA 

 

4.1.1. Introduction to proteins and their structure 

 

Polysaccharides, polynucleotides (DNA and RNA) and proteins represent the three life 

sustaining bio-macromolecules for all known life forms on our planet. While 

polysaccharides serve as food and building material, polynucleotides serve as the 

repository of genetic information which helps define the structure and functioning of the 

body. Proteins perform a whole range of tasks of the cellular life: providing structural 

strength to the cell, catalyzing bio-chemical reactions and recognition of foreign bodies 

and their cleanup. Membrane proteins and signal proteins receive signals from outside 

the cell and mobilize intracellular response, while, proteins like histones are crucial for 

the proper „reading‟ of genetic data from the DNA / RNA. Proteins are the workhorse 

macromolecules of the cell and are as diverse as the tasks they perform.4 

 

The structure of proteins is critically important for the function they perform. At the most 

elementary molecular level, proteins are polymers of amino acids. A primary amine and 

an acid add releasing a water molecule and the resulting bond is called a peptide bond. 

For this reason, proteins are also referred to as polypeptides. Out of theoretically infinite 

number of possible amino acids, only 20 specific amino acids build up all the proteins in 

all the creatures on planet earth.5 Hence, they are called proteinogenic amino acids. 

Each proteinogenic amino acid consists of a primary amine group, a carboxylic acid 

group, an α-hydrogen and a side chain group, called the residue (Figure 4.1). 

 

Figure 4.1: The Fischer projection of the structure of a proteinogenic amino acid. 
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The molecular structures of the residues of all 20 proteinogenic amino acids are shown 

in Figure 4.2. In nomenclature of the residues, there are two common abbreviation 

 

Figure 4.2: Residues of the proteinogenic amino acids. The residues in the image have 

been ordered as having non-polar (G, A, V, F, I, L, M, P), acidic (L, R), basic (H, W, Q) 

and non-charged but polar (S, T, C, N, Y) side chains. 
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systems; one using three letter acronym and another using a single letter representing 

the different residues and they are also illustrated in Figure 4.2. 

 

The sequence of the residues of the amino acids making up the polypeptide chain is 

referred to as the primary structure of a protein.5 However, proteins are much more 

complex than just linear polymer chains. Because of a number of charged and polar 

residues and polar main chain, different residues interact, resulting in complex 3-D 

structures. The second order of the structure is called the secondary structure, most 

common of which are α-helix and β-sheet (Figure 4.3). As the name suggests, α-helixes 

 

Figure 4.3: Illustration of the four different levels of protein structures with the exemplary 

protein, human pyruvate kinase M2 mutant C424A (PDB ID 4wj8). The primary structure 

is the composition of polypeptide chain when stretched like a polymer. Self-assembly 

into medium-range order results in secondary structures such as α-helix and β-sheet. 

Tertiary structure is the folded form of a protein chain that can perform a function. The 

higher order structures resulting from multiple monomer units generate a fully functional 

protein. Not all proteins have a quaternary structure. 
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are helical rod-like arrangement (see Figure 4.3) and β-sheets resemble sheet or planar 

arrangement. The secondary structures result from the hydrogen bonding between the 

carbonyl groups and amine groups in the main polypeptide chain.5 A combination of 

these secondary structures is called a domain when it is a functional entity. The tertiary 

structure, which might have one or more than one domains, is the 3-D arrangement of 

the protein, in which residues much farther away in the primary sequence of the protein 

may come in very close proximity of each other and hence generate complex tertiary 

structures (Figure 4.3). In fact, despite substantial progress in protein science as well as 

the computing power in the last decades, predicting the tertiary structure of a protein 

based on the primary sequence is still one of the unsolved basic scientific enigmas of 

our time.5 Quite often, more than one polypeptide chains arrange in complex 

architectures, displaying the quaternary structure in some proteins. The quaternary 

structures may be from the identical polypeptide chains (homo-oligomeric protein – 

Figure 4.3) or different polypeptide chains (hetero-oligomeric protein) arranging into 

complex architectures. 

 

Interactions between various residues are very common, and they are crucial for the 

stability of secondary, tertiary and quaternary structure of proteins. Two of the most 

important interactions are disulfide bridges and salt bridges. The cysteine residues are 

capable of forming covalent bonds with other cysteine residues to generate what is 

called a disulfide bridge (Figure 4.4A). Disulfide bridges are very important for the 

structural stability of some proteins.5 Another important type of interaction is the 

non-covalent interaction between charged residues. For instance, lysine and arginine 

residues show electrostatic interactions (including hydrogen bonding between residues) 

with residues like glutamic acid and aspartic acid. These interactions are termed as a 

salt-bridge if the oppositely charged units are less than 4.0 Å apart from each other.29  

Even though non-covalent, salt bridges are very crucial to the structure of a protein. For 

instance, a small mutation in the natural structure of the protein lamin A IG-like domain 

(Figure 4.5a and Figure 4.5b) resulted in the destruction of a salt bridge (Figure 4.5c). 

The patients with this mutation, from a very early age, suffered multiple tragic 

syndromes like postnatal growth retardation, skeletal abnormalities and many more.30 
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This study demonstrates that it is very crucial to keep the salt bridges intact and 

stabilized when chemically modifying or genetically reengineering a protein. 

 

Figure 4.4: The formation of a disulfide bond (A) provides structural stability to many 

proteins. Salt bridges (B), commonly formed between oppositely charged residues also 

provide stability to the tertiary and quaternary structure of many proteins. 

 

 

Figure 4.5: Salt bridges play a very important role in protein structure and hence healthy 

body. Image adapted with permission from the reference.30 
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4.1.2. Membrane proteins and FhuA 

 

In gram negative bacteria, nearly 50 % of the outer membrane mass is composed of 

proteins (Figure 4.6).31 This could be either lipoproteins or integral membrane proteins 

such as outer membrane protein A (OmpA), outer membrane protein F (OmpF) or ferric 

hydroxamate protein component A (FhuA). Membrane proteins have vital functions in 

various biological processes, such as cell signaling-transduction pathways and in 

controlling a wide array of gradients such as chemical, electrical, and mechanical 

gradients.14 They can act as channels which enable highly selective transport of 

substrates or energy. Protein classes like aquaporin exhibit some remarkable 

characteristics like high speed transfer (3   109 molecules per protein per second) of 

water across the cell membranes, while inhibiting other small molecules.6-8 Another 

class, the ion channels are responsible for maintaining potential gradients 

 

Figure 4.6: A scheme of cell membrane and the typical functions. Image adapted with 

permission from the reference.32 
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across the cell membrane (i.e. between the inside and outside of the cell).5, 9 

 

Structurally, integral membrane proteins, especially transmembrane proteins, contain a 

highly hydrophobic middle part, as a consequence of their location spanning across the 

hydrophobic part of the phospholipid bilayer (Figure 4.7). In vitro, this hydrophobic part 

needs to be stabilized with the use of amphipathic stabilizers. Reader is referred to 

Section 7.3 for more details about such stabilizers.  

 

FhuA, the largest of monomeric β-barrel transmembrane proteins (Figure 4.8), functions 

as siderophore-mediated iron transporter, receptor for the antibiotic albomycin and 

bacteriophages like T1, T5.31, 33 FhuA is located in the outer membrane of Escherichia 

coli (E. coli) (Figure 4.7). In its natural form (FhuA wild type or FhuA WT), it has an 

elliptical cross section of 39-46 Å, a height of 69 Å33 and has a highly hydrophobic 

region in the middle (2-3 nm) to enable the anchoring in the outer membrane (Figure 

4.9).31 It consists of 22 β-sheets forming a barrel (C-terminus) and the N-terminal cork  

 

Figure 4.7: Location of FhuA in the outer membrane of E. coli results in a hydrophobic 

patch in the middle of the FhuA barrel. 
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Figure 4.8: Comparison of the structure of FhuA (PDB ID: 1by3), the largest 

transmembrane protein of E. coli, with OmpF (PDB ID: 2omf) and OmpA (PDB ID: 

1bxw). 

 

domain which is blocking the channel.34 After genetic modification, FhuA, without this 

cork domain (FhuA Δ1-159), can function as a passive diffusion channel and has been 

used as a nanopore integrated in liposome/polymersome membranes for the 

translocation of compounds.35-37 In vitro, FhuA shows remarkable resistance towards 

high temperature, alkaline pH38 and robustness in genetic modification.36, 39-41  

 

Figure 4.9: The cork domain of FhuA WT (shown in purple) was removed to generate 

an open channeled FhuA ΔCVFtev. See chapter 7 for more details. 
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After genetic modification, another FhuA variant (FhuA ΔCVFtev) has been generated 

that has two cleavage sites for protease from Tobacco Etch Virus (TEV), and can be 

used to cleave two beta-sheets for easier analysis using MALDI-ToF MS (see Section 

7.4 for more details). All these characteristics motivated us to choose FhuA as the 

transmembrane protein to carry out the work reported in this thesis. 

 

4.2. Bioconjugation 

 

For many applications, it is needed to chemically modify a protein. However, since a 

protein‟s function depends on its secondary and tertiary structure, the modification 

should be done in a way not to affect these structures. Various conjugation chemistries 

on various residues of the proteins have been tested in the last five decades. One of the 

primary factors in choosing a desired target residue for modification is its accessibility. 

Many residues such as methionine are usually deep in the core of the protein structure 

and hence not easily accessible for chemical modification.42 The other factor is its 

reactivity. While lysines are highly nucleophilic and can be used in nucleophilic 

substitution reactions, aliphatic residues like leucine or proline are not reactive at all and 

hence cannot be the candidates for bioconjugation reactions. Another important factor is 

the relative abundance of the residue in the protein structure. It is crucial in deciding the 

amount of modification per protein. For instance, lysine has an average natural 

abundance of 5.85 % as opposed to 1.08 % for tryptophan.42  

 

Lysine, with its relative abundance of 5.85 %, average surface accessibility of 0.607 and 

a high reactivity, is unsurprisingly one of the residues most often targeted for 

bioconjugation reactions.42, 43 Using reactions with activated carboxylic acids is the most 

common technique to modify lysine residues. Particularly, N-hydroxysuccinimidyl (NHS) 

esters are frequently utilized in addition to other carboxylic acid derivatives such as NHS 

carbonates, NHS carbamates, anhydrides and acid halides.42, 44 Figure 4.10 shows the 

most common reaction products when targeting lysines. 
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Although, cysteine is present only in very small relative amounts in proteins and further 

less that are not in a disulfide bridge, it has been frequently used for protein 

modification.42, 44, 45 One advantage of having a low relative abundance is the less 

polydispersity of the resultant protein-polymer conjugate. Additionally, cysteine 

modification is beneficial when the more common lysine residue is in the active center of 

an enzyme. Michael addition and thiol-ene coupling are the two most commonly used 

conjugation chemistries for targeting cysteines (Figure 4.10). 

 

 

Figure 4.10: Reaction products of two most frequently used amino acid residues, lysine 

(1, 2 and 3) and cysteine (4, 5 and 6). Lysine reaction with NHS esters results in amide 

bond formation (product 1), while reactions of cysteine with α-halocarbonyl compunds or 

Michael addition results in stable thiol-ether bond formation (product 4 and 5). Reported 

with permission from reference.46 
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4.3. Controlled radical polymerization 

 

Controlled radical polymerization (CRP), or IUPAC recommended terms reversible-

deactivation radical polymerization (RDRP) or controlled reversible-deactivation radical 

(CRDR) polymerization,47, 48 refer to radical polymerization that contains much lower 

concentration of propagating radicals as compared to conventional free radical 

polymerization. Consecutively, these polymerizations offer much greater control over the 

polymerization kinetics and hence, substantially lower polydispersities. Three main 

approaches, namely nitroxide-mediated polymerization (NMP), reversible addition 

fragmentation chain transfer (RAFT) polymerization and atom transfer radical 

polymerization (ATRP) have become popular in the last two decades. Figure 4.11 shows 

the number of citations (entries in Chemical Abstract Services, CAS) per year since 

1994. ATRP and RAFT are the two most widespread RDRP used for synthesis of a 

number of polymer architectures in the last two decades, and are discussed below. 

 

              

Figure 4.11: Number of CAS entries per year for the four popular RDRP methods. 

ATRP and RAFT are by far the most used RDRP. 
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4.3.1. ATRP and related techniques 

 

ATRP is usually carried out from an alkyl halide initiator which is converted to a radical 

by a catalyst system (usually transition metal complexes) to initiate and propagate the 

polymerization (Figure 4.12a). The catalyst (metal-ligand complex, MtXn/L; copper being 

the most common transition metal for the use), with the help of an inner-sphere electron 

transfer process, activates the alkyl halide initiator and engenders the radicals.49 Active 

radicals are deactivated by the catalyst in its higher oxidation state to generate the 

polymer chains in the dormant state (Figure 4.12a). Since, most chains remain in the 

dormant state statistically longer than propagating chains at any given time, undesired 

reactions such as termination, self-coupling or disproportionation of active radical 

species are significantly minimized.49 Hence, the polymer chains grow in a controlled 

fashion and the resulting polymer has a substantially low polydispersity as compared to 

 

Figure 4.12: Main propagation mechanisms of a) ATRP, b) RAFT and d) NMP. A typical 

CTA (c). 
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the one from conventional free radical polymerization. However, as the polymerization 

proceeds, some termination reactions keep occurring (since it is not an ideal “living” 

radical polymerization), resulting in accumulation of the catalyst in higher oxidation state 

(MtXn+1/L). As a result, the rate of propagation continuously drops, eventually stopping, 

because of the so-called persistent radical effect.50 Activators generated by electron 

(such as SnII compounds,51 ascorbic acid52 or phenols53) is added to “reactivate” the 

catalyst to its lower oxidation state (MtXn/L).54 As a result, substantially lower amounts of 

catalyst could be used in conjugation with the reducing agent. When using a reducing 

agent that cannot generate polymer chains as a slow continuous feed to the reaction 

mixture, the mechanism has been termed as activators regenerated by electron transfer 

(ARGET) ATRP.55 These approaches have been proposed to be beneficial for biological 

and healthcare applications.54 

 

More recently, copper-mediated CRP have been termed as single electron transfer living 

radical polymerization (SET-LRP)56 or supplemental activator and reducing agent atom 

transfer radical polymerization (SARA ATRP)57, depending on weather Cu(0) or Cu(I) 

plays the dominant role in radical generation. The reactants (monomer and catalysts) as 

well as resulting products from both the routes are identical, but a fierce debate about 

the mechanism of activation, particularly for polymerizations in water, is still ongoing.58-63 

The ATRP technique is compatible with a wide range of monomers,64 and across 

various reaction conditions.48, 49, 65 The initiators, transition metal catalysts and ligands 

employed in the ATRP can be easily commercially procured. These facts make ATRP 

one of the most popular choices for RDRP, as seen in the number of publications per 

year on ATRP (Figure 4.11). 

 

4.3.2. RAFT 

 

RAFT polymerization is a controlled radical polymerization mediated by a RAFT agent or 

CTA. CTA is typically a thiocarbonylthio derivative with a stabilizing Z-group and a 

reinitiating R-group (Figure 4.12c). In early stages of polymerization, the attachment of 

the CTA to a propagating polymer chain followed by fragmentation of the intermediate 

radical results in the formation of a dormant polymer-CTA compound and R·radical.66 
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Reaction of the R·radical with monomer results in another propagating polymer chain. 

Eventually, the equilibrium depicted in Figure 4.12b is established and the 

polymerization propagates. Hence, the CTA converts the polymerization into a controlled 

one by continuously and reversibly deactivating one chain while the complementary 

chain is propagating, in addition to rapid exchange between similar propagating chains 

(Figure 4.12b).64, 66 RAFT is tolerant to a variety of functional groups, can be performed 

under mild conditions and chain end of the resultant polymer is easily modifiable.67-69 

Although compatible with most common vinyl monomers from conventional radical 

polymerization, RAFT is not suitable for monomers with primary amino groups.66 

Furthermore, RAFT CTAs are not commonly commercially available and their synthesis 

can be quite complex.70 RAFT has also gained prominence in the last decade and a half 

as one of the most important RDRP techniques (Figure 4.11). 

 

4.3.3. NMP 

 

NMP utilizes nitroxide radicals as the reversible deactivator for the propagating polymer 

chains (Figure 4.12d).71, 72 Since most of the polymer chains exist in the dormant state, 

the propagation, and hence, the polymerization is substantially more controlled than free 

radical polymerization. Being a monomolecular polymerization system, it is the most 

straightforward of the three approaches being discussed here. However, despite being 

one of the first RDRP techniques, it suffers from significant challenges such as high 

temperatures required for homolysis of the alkoxyamines and their limited commercial 

availability.73 Consecutively, research with NMP as a RDRP has not reached the same 

prominence as ATRP or RAFT. 

 

4.4. Smart polymers 

 

4.4.1. Stimuli-responsive polymers 

 

In the beginning of the 20th century, extraordinary works carried out by Staudinger and 

others led to the establishment of polymer science as a proper field of chemistry as 
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opposed to the trial and error fringe part of science till then.74 The macromolecular 

theory established that polymers are macromolecules made from covalently linked 

monomeric units. Meticulous use of polymer chemistry and plastics engineering has 

completely changed the lifestyle that modern humans lead. 

 

The advent of CRP afforded the ability to control the properties of resultant polymer to a 

much higher level than ever before. In parallel, a new class of polymers, which respond 

to their environment by changing their physical and/or chemical properties, has been 

emerging (Figure 4.13).75, 76 These polymers are referred to as stimuli-responsive or 

smart polymers and have been synthesized to be responsive to a variety of physical 

(mechanical force,77 electric/magnetic fields,78, 79 and light80, 81) as well as chemical 

(pH,82, 83 temperature,84 presence of various small molecules and biomolecules85) 

stimuli. Stimuli-responsive polymers have found many applications such as their use as 

sensors and biosensors,86 as controlled and triggered drug delivery agents,87 as 

environmental remediation agents,88 chemo-mechanical actuators,89, 90 matrix in smart 

membranes26 and for many other applications.91-93 

 

 

Figure 4.13: The stimuli-responsive polymers may respond to a range of stimuli (A). 

Grafting of stimuli-responsive LCST segments, binary brushes, block copolymers and 

photo-chromic segments using CRP (B). Images adapted with permission from 

reference.76 
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Of the plethora of stimuli possible, the most well-researched and understood response is 

towards temperature. Some polymers exhibit a lower critical solution temperature 

(LCST),94 which is the lowest temperature at which temperature induced demixing 

occurs. That means below the LCST, the polymer chains and solvent molecules are in 

one homogeneous mixed phase. However, above the LCST, phase separation occurs 

via an entropically driven process. The opposite phenomenon where phase separation 

occurs below a temperature is indicated by upper critical solution temperature (UCST). 

Poly(N-isopropylacrylamide) (PNIPAAm), owing to its LCST (∼32 °C) being close to the 

physiological temperature,95 is one of the most extensively researched 

thermo-responsive polymers. The LCST of PNIPAAm has been reported to be 

independent of the MW or architecture of the polymer chains and over a wide range of 

concentrations, also independent of PNIPAAm concentration.96-99 As the solution 

temperature rises above the LCST, PNIPAAm chains undergo a transition from an 

extended (solvated) random coil conformation to a compact (desolvated) globular 

conformation (called the coil-globule transition). The coil to globule transition can be 

thermodynamically controlled by adjusting the polymer composition, i.e., the LCST can 

be increased or decreased by copolymerization with a hydrophilic or hydrophobic 

monomer, respectively.100 There are a variety of polymers that exhibit LCST.100 

Furthermore, multi-responsive polymers exist that respond to more than one stimulus. A 

possible combination is pH- and thermo-sensitivity. pH-responsivity results from an 

ionizable functional groups capable of donating or accepting protons upon 

environmental pH changes (Figure 4.14). Some common examples are polyacrylic acid 

(PAAc; pH-responsive and UCST in solutions with high ionic strength)101 and poly(N,N-

dimethylaminoethyl methacrylate) (PDMAEMA; pH-responsive and ionic strength 

dependent LCST).102-105 
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Figure 4.14: Dual-responsive particles created using PDMAEMA. Image adapted with 

permission from the reference.104 

 

4.4.2. Polymers with UV-crosslinkable monomers 

 

Copolymers of crosslinkable monomers and stimuli-responsive polymers have given rise 

to a promising class of materials for applications in multiple applications, for instance in 

stimuli-responsive hydrogels. Of these, UV-crosslinkable monomers are perhaps the 

smartest ones since they offer very simple approach to crosslinking (exposure to UV 

light) and require no post-crosslinking purification.106 In the late 90‟s, 2-(dimethyl 

maleinimido)-N-ethyl-acrylamide (DMIAAm) was synthesized by Ling et al.107 DMIAAm 

is an acrylamide monomer containing a light sensitive dimethylmaleimide (DMI) group, 

which can undergo a [2+2] cycloaddition with high quantum yield,108, 109 leading to the 

crosslinking of the resultant polymer chains (Figure 4.15). Recently, more monomers 

containing DMI group have been synthesized.105, 110 However, the crosslinking does not 

always result in a [2+2] cycloaddition. In fact, in aqueous systems, the formation of 

asymmetric dimer (Figure 4.15B) is much more likely.111 Initially, sensitizers, such as 

thioxanthone, were commonly used to photo-initiate the reactions. However, later on, it 

was realized that the crosslinking can also be achieved without any sensitizer, simply by 
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bringing polymer chains in close proximity and irradiating the DMI group. This could be 

achieved for instance by evaporating the solvent, resulting in a copolymer film and 

irradiating it.112 When using a smart polymer (such as PNIPAAm), its responsivity could 

be used to precipitate the polymer and then irradiate the resulting aggregate.113, 114 

Finally, self-assembled systems, resulting in polymer chains being in close proximity, 

could be irradiated to induce the dimerization and hence crosslinking.26, 106, 110, 115, 116  

 

Figure 4.15: Dimerization of the DMI group. Cyclobutane derivative (A) is the sole 

product in organic media, however only a side product in aqueous media, where 

asymmetric dimer is the major product (B).111 

 

It was shown by Langmuir Blodgett experiments that in the case of self-assembled 

systems, the crosslinking does not occur in the bulk solvent phase, and only at the 

interface.115 While there is enough literature about crosslinking the DMI group using UV 

light in the aqueous environment,26, 106, 110, 112, 114, 115, 117 copolymerization to generate 

these polymers in aqueous conditions is very scarce.26, 117 Most of the copolymerizations 

in these reports were carried out in dioxane, THF or DMF. In fact, the only report that I 

could find about copolymerization of a crosslinkable monomer with DMI group in water, 
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apart from those by the group of Prof. Böker, was this.118 It was a conventional free 

radical polymerization with NIPAAm and DMIAAm. 

 

4.5. Protein-polymer conjugates: Preparation and applications 

 

Perhaps the most important example for the applicability and need of protein-polymer 

conjugates are demonstrated by enzymes. In their natural habitat, they perform a myriad 

of chemical reactions at impeccable rates with high stereo-selectivity, regio-selectivity 

and chemo-selectivity119-122 Use of enzymes for organic synthesis can quite often 

remove the requirement of high temperatures or extreme pH ranges, while at the same 

time affording increased reaction specificity, product purity and reduced environmental 

impact.123 For this reason, since 1960‟s, many enzymes have been increasingly utilized 

to catalyze organic reactions in industries like pharmaceuticals, food and feed, detergent 

manufacturing, paper and textile industry.124 Enzymes like lipases, esterases, 

peptidases and amidases, acylases, glycosidases, glycosyltransferases, epoxidases, 

hydrolases, aldolases, nitrilases, oxynitrilases and nitrile hydratases have been 

extensively used.120, 125, 126 However, enzymes, being proteins, pose certain limitations 

on the universal applicability and the replacement of conventional chemicals. Enzymes 

get denatured under stringent reaction conditions such as extreme pH and temperature, 

limiting their usability.124, 127, 128 One possible method to overcome these limitations is 

immobilizing the enzymes using polymer support, for instance by making protein-

polymer conjugates. Basak et al. compiled a nice review summarizing the recent trends 

in the application of protein-polymer conjugates for biocatalysis.129 Immobilization and 

conjugation often improve pH and temperature resistance of the enzymes, and 

sometimes augment reaction specificity,130-133 hence making them more efficient and 

more usable for applications in organic synthesis. 

 

However, proteins with enzymatic activity are not the only ones that have been 

employed for generation of conjugates. Protein-polymer conjugates represent an active 

research field that has been steadily growing in prominence over the last ten years.14, 27, 

28, 44, 45, 134-141 Linkage of polymers can prepare proteins for specific applications and 

confer them with properties they cannot offer on their own. The effect of covalently 
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attached polymer chains to the protein ranges from improved solubility, enhanced 

biocompatibility and stability to tunable enzyme activity.42, 46, 142, 143 Protein-polymer 

conjugates find versatile applications in biomedicine as nano-carrier systems for drug 

delivery, especially in cancer therapy.144, 145 There are multiple uses in bio-sensing and 

diagnostics and they have been successfully used as biomimetic protocells.145, 146 

Moreover, they have been employed in electronic devices as functional materials and in 

ultra-thin membranes with the protein acting as a sacrificial template.26, 46, 145 

 

Two methods have been well established for the synthesis of protein-polymer 

conjugates (Figure 4.16). Using the grafting-to technique, pre-synthesized polymers with 

protein-reactive end groups are attached to the protein. However, steric hindrance 

around the protein often results in low attachment yields. Moreover, the isolation of 

conjugates from unreacted polymers and proteins is challenging. The second strategy, 

the grafting-from technique, focusses on polymerizing monomers directly from a protein. 

Here, a higher yield of attached polymer chains can be reached as the steric hindrance 

around the protein is lower for small monomers. Furthermore, the purification is easier  

 

Figure 4.16: Strategies to prepare protein-polymer conjugates. Image from reference138 

reproduced with the permission of RSC publishing. 
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as only small molecular components need to be removed. These advantages favor the 

grafting-from strategy; however, there have not yet been as many reports as for the 

more traditional grafting-to approach. For the sake of completeness, grafting-through 

approach should also be mentioned. In this approach, multiple proteins are connected 

through a single polymer chain either by incorporating a protein reactive functional group 

in the polymer chain and attaching proteins post polymerization or by first attaching a 

monomer onto the protein and then polymerizing with free monomer, hence, resulting in 

the same architecture. 

 

CRP, particularly ATRP117, 147-154 and RAFT polymerization155-159 have been commonly 

used to synthesize protein-polymer conjugates via grafting-from strategy. Performing the 

CRP in pure aqueous environment (without addition of an organic co-solvent) is a 

challenging task because the reaction in water is highly accelerated, instability of the 

catalyst complex is a major issue, and additionally, the loss of terminal bromine can 

occur.54 Nonetheless, the reaction conditions of ATRP and related techniques, namely 

AGET ATRP, ARGET ATRP, and SET-LRP were recently optimized to develop 

procedures for CRP under biologically relevant conditions.160-163 

 

Diverse polymeric architectures have been synthesized on the surface of proteins 

ranging from a variety of stimuli-responsive polymers14, 117, 143, 150, 155, 156, 164 to block-

copolymers synthesized by sequential polymerization steps.143, 150, 156, 165 Moving on to 

more sophisticated protein structures, the groups of Finn and Douglas used virus-like 

particles as scaffold to independently modify the inside and the outside of a viral 

capsid.166-169 The hence generated conjugates can be specifically tailored for desired 

applications like targeted drug delivery. Although many globular proteins like bovine 

serum albumin, ferritin, lysozyme or chymotrypsin have been extensively studied for 

conjugation,117, 152, 156, 158 the studies shown in this thesis (and corresponding 

publications) remain the only ones to have employed transmembrane proteins for 

generating protein-polymer conjugates.14, 105 The latter can likely be attributed to 

challenges in purification (incl. e.g. extraction from membrane fractions) and handling of 

purified samples. 
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4.6. Micro-/macro-structures from nanoscopic building blocks 

 

4.6.1. Micro-compartments and micro-reactors 

 

In an interesting article,170 Stephen Mann suggests that instead of trying to learn more 

about the last universal common ancestor (LUCA) of most life forms on earth by trying to 

decode the molecular archives of the ribosomal RNA,171 it might be more prudent to use 

the bottoms up approach towards the question of origin of life on earth. Generating 

synthetic constructs resembling the protocells, he argues, might lead us in the right 

direction (Figure 4.17). 

 

Figure 4.17: A scheme representing possible scenarios of protobiological events prior to 

the emergence of LUCA. Scheme adapted with permission from the reference.170 

 

Although we are far away from synthesizing the first protocells, basic elements of a 

protocell are slowly being reported. A significant amount of research about the synthetic 

counterparts of lipid vesicles (liposomes), the biomimetic polymer vesicles 

(polymersomes), has now been reported.22, 110, 172-174 Similarly, research about the 
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synthesis of micro-compartments has recently been reported, which may one day act as 

the protocell membrane.116, 117, 146 Some compartmentalization, resembling 

proto-organelles, has also been reported.175-177 Although, we are far away from the first 

protocells, the so-far generated polymersomes and micro-compartments have already 

shown many other potential applications such as in drug delivery,22, 178 cancer 

therapeutics and theranostics,22, 178  and nano-/micro-reactors179, 180 (Figure 4.18). 

 

Figure 4.18: A) A nano-reactor generated using polymersomes.180 B) A micro-reactor 

generated using protein polymer conjugate stabilized micro-compartment.179 C) A 

custom made multi-level micro-compartment with programmed release capabilities.177 

Figures adapted with respective permissions. 

 

One of the upcoming ways to synthesize a micro-compartment is using polymer-protein 

conjugate stabilized Pickering emulsions.116, 117, 146, 177, 181 Emulsions stabilized by 

particles, instead of surfactant molecules, are referred to as Pickering emulsions.182 

Protein-polymer conjugates have been shown to be highly interfacially active181 and their 

self-assembly at polar-apolar interfaces in turn shown to generate Pickering 

emulsions.116 Furthermore, these Pickering emulsions afford a covalently linked stable 

system upon crosslinking.116, 117, 146, 177 Pickering emulsions stabilized by conjugates of 

membrane proteins and polymers are expected to be next step towards protocells. While 

embedding membrane proteins into polymersomes and liposomes was shown to be 

possible,21, 22, 35-37, 172, 173, 183-189 the amount of incorporated protein was limited.21 For 

Pickering emulsions with conjugates of membrane proteins and polymers, the number of 

protein channels per unit area are expected to be significantly higher and the system 

more stable as a result of covalent crosslinking.105 Particularly interesting works146, 175-
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177, 179 in this respect show the generation of biomimetic protocells, the so-called 

proteinosomes (Figure 4.18C), which show guest molecule encapsulation, membrane 

gated enzyme catalysis, as well as multi-compartmentalization of the individual 

proteinosomes with selective release capabilities. Synthesis of such proteinosomes 

using transmembrane channel proteins like FhuA or OmpF could bring us one step 

closer to synthesizing the functional replicas of a protocell,170 with the membrane 

proteins acting as the gates allowing the (selective) transfer of substrates and energy to 

and from the proteinosomes. 

 

4.6.2. Stimuli-responsive nano-thin membranes 

 

Incorporation of stimuli-responsiveness into membranes provides a very promising 

approach to a host of new applications such as stimuli-responsive permeation190 

(Figure 4.19B), stimuli-responsive separation (Figure 4.19C) and self-cleaning  

 

 

Figure 4.19: Different approaches to synthesize porous membranes with 

stimuli-responsiveness (A), smart micro-capsule membrane with glucose-responsive 

gates for controlled release (B) and schematic illustration of the stimuli-responsive size-

sieving-based separation (C).Figures adapted with permission from reference.191  
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mechanisms.191 Different approaches to modify membrane matrices (Figure 4.19A) have 

been suggested to incorporate stimuli-responsiveness.191 In all approaches, the 

membrane matrix is covered by stimuli-responsive material, such as surface grafted 

polymer chains or a hydrogel. Upon addition of stimulus, the polymer chains undergo 

stimuli-mediated coil-globule transition and shrink, letting the pore open. Section 4.4.1 

details the possible stimuli responses these membranes could in principle be imparted. 

 

Another upcoming class of membranes is ultrathin membranes. These membranes are 

very important for applications such as ultrafiltration of sensitive proteins at low 

transmembrane pressures.192 When developing materials with pore sizes in the range of 

a few nanometers, even high resolution lithographic methods such as X-ray, electron 

beam and interference lithography suffer from limitations such as their inability to provide 

sufficient pore density.192 Xu et al. reported synergistic co-assembly of nanotube 

subunits into a nanotube by heating-mediated hydrogen bond formation 

(Figure 4.20B).193 Although, these are all promising approaches, none of them 

demonstrated flux or permeation data through the generated membranes. 

 

Combining the best of both the membranes described above, Yameen et al. devised 

synthetic pH-responsive ion channels with modified nanotubes (Figure 4.20A). While the 

idea is very appealing, it did not engender a membrane, just some channels. Recently, 

van Rijn et al. reported the synthesis of ultrathin stimuli-responsive membranes using a 

new pore forming strategy: employing high interfacial activity of ferritin-PNIPAAm 

conjugates to self-assemble them at air-water interface.26 After the self-assembly, the 

polymer chains were crosslinked and the protein cage denatured to leave holes in its 

place (Figure 4.21). While, the membranes mentioned earlier were thick, 

ferritin-PNIPAAm membranes reported by van Rijn et al. were nano-thin. Such nano-thin 

membranes have many advantages over conventional membranes such as high 

throughput at lower transmembrane pressure, while still having the ability to incorporate 

desired stimuli-responsivities.192, 194 Furthermore, since proteins are monodisperse 

molecules, the generated holes are also expected to be of more uniform size than 

conventional membranes.  
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Figure 4.20: A) pH-responsive ion channels with nanometer dimensions. Image adapted 

from reference.190 B) Membrane with sub-nanometer sized pores, synthesized using 

co-assembly of nanotube subuints and block copolymers. Image adapted with 

permission from reference.193 

 

Figure 4.21: Approach of van Rijn et al. to generate stimuli-responsive membranes. 

Reproduced with permission from reference.26 
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However, the denaturing process may introduce some non-uniformity in the membrane 

morphology and pore size. As an alternative, spreading polymersomes with incorporated 

transmembrane proteins has been suggested and giant polymeric layers with 

incorporated membrane proteins might be used.22, 25 These systems offer a nano-thin 

membrane with highly uniform pore size in the nanometer scale (the dimensions of the 

transmembrane channel proteins). However, these systems do not have sufficient 

mechanical stability to sustain most pressure regimes relevant for the industrial 

applications. Additionally, the incorporation of protein in such polymersomes and 

polymer membranes is inefficient; resulting in low number of pores and, hence, reduced 

effective permeation area.21, 22 Hence, it would be desirable to use the self-assembly of 

conjugates of transmembrane channel proteins instead, which rather than being 

denatured eventually like ferritin conjugate membranes, could serve as an integral part 

of the membrane. This approach would also result in much more transmembrane pores 

per unit area in the membrane as compared to the polymersomes or lipid layers with 

incorporated channel proteins. Furthermore, the channel proteins can be genetically and 

chemically tailored to suit desired needs. For instance, upon incorporation of a chiral 

region in the protein, the membranes can be used for resolution of racemic mixtures or 

isolation a desired enantiomeric component. 
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5 Characterization techniques 

 

The fundamentals of techniques such as NMR spectroscopy, TEM, DLS and mass 

spectrometry have not been included here on implicit understanding that a chemist or 

material scientist reading this thesis should be already well informed and experienced 

about these methods. This chapter details the characterization techniques more 

commonly used in biotechnology and biochemistry, but not so frequently in chemistry or 

material science. Other non-conventional characterization techniques used during the 

course of this work have been described briefly with the respective data in the following 

chapters. 

 

5.1. BCA Assay 

 

The BCA assay, short for bicinchoninic acid assay, is a technique to determine the total 

concentration of proteins in a given sample.195 The typical range of measurement is from 

20 to 2000 µg/ml. Commercially available assays, like Thermo Scientific™ Pierce™ 

BCA Protein Assay,196 are typically detergent-compatible formulations based on 

bicinchoninic acid (BCA) for the colorimetric detection and quantitation of total protein 

content. 

 

The underlying principle is a two-step reaction as shown in Figure 5.1. First step is the 

Biuret reaction, that is, reduction of Cu2+ to Cu+ by protein in an alkaline medium. The 

second step is the complexation of the freshly generated Cu+ with bicinchoninic acid, 

which enables an extremely sensitive and selective colorimetric detection of the 

resultant complex.195 The purple product of this reaction is generated by the chelation of 

two molecules of BCA with one Cu+ ion (Figure 5.1, step 2). This water-soluble complex 

displays a strong absorbance at 562 nm and has a nearly linear relationship with the 

protein concentrations over the range around 20 to 2000 µg/ml.196 The BCA assay is not 

a true end-point method; that is, the final color continues to develop. However, after 

prolonged incubation, the rate of color change is sufficiently low, allowing a large 

number of samples to be assayed together. 
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Figure 5.1: The chemical reactions behind BCA assay to access protein concentration. 

Step 1 is the reduction of Cu2+ to Cu+ under alkaline conditions and the second step is 

the complexation of Cu+ with BCA, which results in the color that is quantified to access 

the protein concentration. 

 

The secondary and tertiary structure of protein, the length of the polypeptide chain and 

the presence of four particular amino acids (cysteine, cystine, tryptophan and tyrosine) 

have been reported to be responsible for color formation with BCA.197 Furthermore, 

studies with di-, tri- and tetra peptides suggested that the final extent of formed color is 

more than the sum of the color produced by individual functional groups.197 Hence, it is 

not possible to treat BCA assay as an absolute measurement tool such as NMR, rather 

a comparative tool. Protein concentrations are generally determined and reported with 

reference to a standard protein such as bovine serum albumin (BSA). A series of 

dilutions of known concentration are prepared from the standard protein and assayed 

alongside the unknown(s). Consecutively, the concentration of each unknown is 

determined based on the standard curve generated by dilutions of the standard protein. 
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If precise quantitation of an unknown protein is vital, it is prudent to select a standard 

protein similar (and in best identical) to the unknown protein being measured. This may 

not always be so easily doable, for instance when needed to measure concentration of a 

transmembrane protein or complex proteins. 

 

5.2. SDS-PAGE  

 

Polyacrylamide gel electrophoresis (PAGE) is a technique commonly used in 

biochemistry, genetics, molecular biology and biotechnology to separate 

bio-macromolecules based on their electrophoretic mobility.4 Electrophoretic mobility is 

the movement of a charged entity under the effect of an electric field. There are two 

major approaches of PAGE. One of the variants is called native PAGE, in which the 

secondary / tertiary structure of the protein is retained as the macromolecule passes 

through the gel. The other, more common, approach is to use a denaturant like sodium 

dodecyl sulfate (SDS) to linearize the protein (Figure 5.2B). SDS attaches to the 

hydrophobic parts of the protein and imparts the polypeptide chain a nearly uniform 

charge per unit mass ratio. Hence, SDS-denatured proteins can be considered to be 

fractionated according to their mass when being fractionated according to 

electrophoretic mobility.4 Usually, a mixture of various proteins of known masses is run 

as a comparison or standard (called protein marker or protein ladder) for identifying the 

range of mass of unknown samples of proteins. 

 

The separation occurs because of two opposing phenomenon - the resistance or drag 

provided by a crosslinked polyacrylamide gel and the mobility provided by the electric 

field. The mobility can be increased by increasing the electric field. By varying the 

amount of crosslinking, the resistance can be varied: higher the crosslinking higher the 

resistance. Hence, for higher molecular weight proteins (100-400 kDa), the amount of 

crosslinking should be kept low – for instance 6 %. Similarly, for resolving lower 

molecular weight proteins, higher crosslinking is required to provide ample resistance, 

and hence efficient resolution. For smaller proteins (15-30 kDa), for instance, 15 % gels 

are more commonly used. When higher as well as lower molecular weight 
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macromolecules are anticipated in the same sample, gradient gels may be used. 

Gradient gels don‟t have a uniform crosslinking degree, rather the degree of crosslinking 

slowly increases along the length of the gel. For instance, many of the SDS-PAGE in 

this thesis were performed on 4-15 % gradient gels. 

 

Figure 5.2A shows the basic setup of an SDS-PAGE cell used for electrophoresis. The 

samples are loaded onto the gels in the gel casket and affixed with the electrode 

assembly. After filling the inside of the electrode assembly with the cathode buffer, and 

the mini-tank with anode buffer, electric field is applied making use of the banana plug 

jacks (not shown in the image). Anode buffer and the cathode buffer were identical for 

 

Figure 5.2: Scheme of SDS-PAGE cell assembly (A) and mechanism of protein 

linearization and electrophoresis (B). Image adapted with permission from reference.4 
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the work done during this thesis. After the run is complete, gels are removed from the 

gel casket and staining is done to visualize the proteins. The most common method of 

staining is to use the dye coomassie brilliant blue, which initially stains the protein as 

well as the gel, but upon destaining with acetic acid, the gel loses the color but the 

protein retains it.198 Another very common approach is silver staining, where silver 

nitrate is used for staining. Silver staining, although, more sensitive to low amounts of 

protein as compared to coomassie staining, has more risks for measurement 

artefacts.199, 200 Many protocols of silver staining have been investigated in this 

reference.200 

 

5.3. Fluorescence microscopy 

 

Luminescence, that is the phenomenon of emission of light from any substance, is 

divided into two types - phosphorescence and fluorescence.201 The difference between 

the two is the time duration of the lifetime of the phenomenon, with phosphorescence 

being longer than fluorescence. Fluorescence is the property of some atoms and 

molecules to absorb light at a particular wavelength (called the excitation wavelength) 

resulting in excitation of the molecule to a higher energy state.201 After a brief time 

interval, termed as the fluorescence lifetime, the molecules return to another stable state 

and in the process emitting light of longer wavelength (called the emission wavelength). 

Typically, fluorescence lifetime is near 10 ns (10   10–9 s). Fluorescence microscopy, 

that is using the fluorescence of fluorophores to visualize selective areas of a macro-

structure under a microscope, has gained significant impetuous in the last three 

decades in biotechnology.201, 202 Unless the fluorophore is irreversibly destroyed in the 

excited state (an important phenomenon known as photobleaching), the same 

fluorophore can be excited and detected repeatedly.202 Most commonly employed 

fluorophores are aromatic compounds, for instance fluorescein or Nile red (Figure 5.3B). 

Also, it is worth noticing that for fluorescein, the excitation maxima and emission maxima 

are quite close, while for Nile red, these are quite far apart. The farther apart the 

excitation and emission maximum, the more efficient is the detection of signals. These 
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compounds can either be directly used for showing desired area or be covalently linked 

to the region of interest and then visualized using the microscope as explained below. 

 

A basic setup of a fluorescence microscope is shown in Figure 5.3A. The excitation filter 

limits the wavelength of light falling onto the sample to the desired wavelength. The 

fluorescent light from the sample is then detected using an emission filter which cuts off 

the „undesired‟ light beyond the emission spectrum of the sample. By changing the 

excitation and emission filters, fluorophores of various ranges may be easily imaged. In 

case of sample containing more than one fluorophore, images are acquired using 

respective filter and later overlaid using a software. The final overlaid image shows each 

fluorophore with a different color and when combined with the image of bright field can 

be used to deduce useful information. 

 

Figure 5.3: Schematic representation of the construction of a fluorescence microscope 

(A) and the structure and excitation (dotted) / emission (full) spectra of fluorescein and 

Nile red (B). 

 

5.4. CD spectroscopy 

 

Circular dichroism (CD) spectroscopy is a technique commonly used for the analysis of 

the secondary structure of proteins.203 It is a highly sensitive, non-destructive technique 

that requires a very little amount of the sample. The underlying principle behind CD is 
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the differential absorption of the left and right circularly polarized components of a plane-

polarized radiation. This effect occurs when the sample is chiral (optically active) either 

intrinsically by virtue of its structure, or because of being covalently linked to a chiral 

center. When plotted against wavelength, the generated curve gives meaningful 

information about the long range order of chiral units, for instance in proteins. CD in the 

far-UV region (178–260 nm) arises from the amides of the protein backbone and is 

sensitive to the conformation of the protein.202 Depending on the type of secondary 

structure of a protein, its CD spectrum is characteristically different. Figure 5.4 shows 

typical CD spectra of an α-helix, a β-barrel and an irregularly structured protein.203 The 

CD spectrum of a protein having predominantly α-helical structure would have positive 

maximum around 195 nm and a double negative minimum as shown in Figure 5.4. For a 

protein with predominantly β-sheets, the CD spectrum shows a positive maximum 

around 195 nm (which is significantly less intense than that for an α-helix) and a single 

negative minimum around 215 nm (Figure 5.4). Based on the location and intensity of 

the peaks, the process of deconvolution of the spectra gives the percent of α-helix or 

β-barrel content in the protein structure.  

 

Figure 5.4: Typical far UV CD spectra of an α-helix (solid curve); antiparallel β-sheet 

(long dashes), type I β-turn (dots), irregular structure (dots & short dashes).203 



5 Characterization techniques 

- 41 - 
 

This value may be used as an indication to track the stability of the structure of protein 

as it undergoes chemical modification or endures harsh conditions. 

 

Although, the technique is simple and straightforward for most analyses, in the far UV 

region (below 200 nm), the data is prone to significant noise. This is especially the case 

when the buffer contains absorbing salts203 or when the protein has been modified with 

an entity highly absorbing in this region. For very difficult cases, protein NMR 

spectroscopy and sophisticated FTIR spectroscopy may be more helpful. However, for 

proteins, these techniques require elaborate sample preparation and complex 

post-measurement data analysis.204, 205 
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6 Optimizing the CRP for a transmembrane protein 

 

6.1. Introduction 

 

The aim of the work presented in this thesis was to generate conjugates of proteins, 

particularly FhuA (Chapter 7), and using them for generation of micro- and 

macro-structures (Chapter 9 and Chapter 10). Although many globular proteins like 

bovine serum albumin (BSA), ferritin, lysozyme or chymotrypsin have been extensively 

studied for conjugation,117, 152, 156, 158 there is no literature regarding synthesis of 

conjugates from a transmembrane protein like FhuA. The hydrophobic transmembrane 

region of FhuA requires stabilizing agents (such as the small amphiphatic molecule 

MPD)14 to keep the protein solubilized and correctly folded in water. The phosphate 

buffer in the presence of such molecules cannot be considered as purely aqueous 

system, with MPD possibly influencing the polymerization. Hence, optimization of the 

protocol of polymerization was required to obtain conjugates with FhuA without 

destroying its secondary or tertiary structure. Since, FhuA is not commercially available 

and very difficult to extract and purify, optimization of the reaction conditions was done 

utilizing model substrates. Hence, homopolymerization of PNIPAAm and PDMAEMA 

with 2-bromoisobutyric acid (BiBA) as initiator in MPD buffer was optimized first. Using 

PNIPAAm would provide temperature-responsivity and PDMAEMA would provide 

temperature- as well as pH-responsivity to the generated conjugates (Chapter 9). 

Furthermore, 2-(dimethyl maleinimido)-N-ethyl-acrylamide (DMIAAm) and 3,4-dimethyl 

maleic imidobutyl acrylate (DMMIBA), UV-crosslinkable monomers were copolymerized 

with NIPAAm and DMAEMA, which would later result in stable structures as a result of 

covalently crosslinked polymer chains (Chapter 9). Secondly, BSA was chosen as the 

model protein to optimize the reaction conditions for FhuA. A recently reported water 

soluble functional CRP initiator was synthesized and used for generating the BSA 

macroinitiator (MI).164 MALDI-ToF MS was used to exact the reaction conditions 

optimum for maximum modification. BSA MI was consecutively used for growing 

polymers: PNIPAAm, PDMAEMA and their copolymers with DMMIBA or DMIAAm from 

the protein surface, using BiBA as a sacrificial initiator (see Section 6.4.2). Conjugates 
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generated without the use of any sacrificial initiator enabled the use of more 

characterization techniques such as analytical ultracentrifugation (AUC) for the analysis 

of generated conjugates. 

 

6.2. Preparation and characterization 

 

6.2.1. Materials  

 

All chemicals used were of analytical reagent grade or higher quality, purchased from 

Applichem (Darmstadt, Germany), Alfa Aesar (Karlsruhe, Germany) or Sigma-Aldrich 

Chemie (Taufkirchen, Germany), if not stated otherwise. N-2-bromo-2-methylpropanoyl-

β-alanine N‟-oxysuccinimide ester (functional CRP initiator) was synthesized according 

to reference.164 2-(Dimethyl maleinimido)-N-ethyl-acrylamide (DMIAAm) was 

synthesized according to reference.107 BSA was purchased from Sigma-Aldrich and 

dissolved in PBS or MPD buffer immediately before use. Once in solution, BSA and 

modified BSA were always stored at 4 °C. NIPAAm was purified by two successive 

recrystallizations from a mixture of n-hexane and benzene (4:1 v:v). CuBr was purified 

by stirring in acetic acid overnight. After filtration, it was washed successively with 

ethanol and diethylether and then dried in vacuum. 3,4-dimethyl maleic imidobutyl 

acrylate (DMMIBA) was synthesized according to a procedure for similar compounds in 

the reference.105, 110 (2-Dimethylamino)ethyl methacrylate (DMAEMA) was passed 

through basic alumina twice, before use, to remove the inhibitor. 

 

In this chapter, MPD buffer is defined as the buffer containing 50 mM MPD, 10 mM 

sodium phosphate and 1 mM EDTA at pH 7.4 

 

Polymerization from BiBA: BiBA and monomers (NIPAAm or DMAEMA and when 

used, DMMIBA or DMIAAm) were dissolved in 2 ml MPD buffer and deoxygenated by 

three freeze-pump-thaw cycles and finally cooled to 0 °C in an ice bath or kept at RT. 

Simultaneously, a solution of Cu(I)Br and tris[2-(dimethylamino)ethyl]amine (Me6TREN) 

in Millipore water (catalyst solution) was also deoxygenated by three freeze-pump-thaw 
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cycles and finally put in an ice bath (0 °C) or kept at RT, respectively. The typical final 

ratio of components for the reaction was BiBA : monomer : CuBr : Me6TREN 

= 1 : 121 : 1.3 : 1.9. After 30 minutes of stirring, the initiator/monomer solution was 

transferred to the catalyst solution via cannula transfer. After 24 h, the reaction was 

quenched by allowing the air into the reaction mixture and products purified by two times 

dialysis (against water using dialysis membrane with a MWCO of 3 kDa for 24 h) and 

lyophilized to isolate the polymer. The lyophilized powder was stored at -20 °C. 

Alternatively, after 24 hours, the reaction mixture was lyophilized and the lyophilized 

powder dissolved in DCM and the polymer purified by precipitation in diethyl ether or 

petroleum ether for PNIPAAm or PDMAEMA, respectively. Solvent evaporation under 

high vacuum yielded the pure polymer, which was stored at -20 °C. 

 

Formation of BSA macroinitiator (MI): The macroinitiators were prepared in MPD 

buffer in the range of pH 6.4 to pH 9.4. BSA was dissolved in the buffer of respective pH 

and then 25 molar excess of functional CRP initiator to lysine residues was added. 

Buffers of different pH were prepared by adding aq. HCl or aq. NaOH to MPD buffer for 

obtaining the desired pH. In all cases, the reaction was carried out on a shaking platform 

for 12 h at 12 °C. BSA MI was purified by two times dialysis (against MPD buffer using 

dialysis membrane with a MWCO of 12-14 kDa for 24 h) and stored at 12 °C before 

characterization or further modification. 

 

Synthesizing conjugates from BSA MI: For making conjugate, the monomers (and 

BiBA when doing reaction with sacrificial initiator) were added to 2 ml BSA MI solution 

and purged with N2 for 30 min in ice bath. Simultaneously, CuBr and Me6TREN were 

added to 1 ml Millipore water (catalyst solution) and purged with N2 for 30 min in ice 

bath. After that, the monomer solution was transferred to catalyst solution via cannula 

transfer and allowed to polymerize for 24 h. The typical final ratio of components for the 

reaction was initiator (BSA MI) : monomer : CuBr : Me6TREN = 1 : 121 : 1.3 : 1.9 when 

using no sacrificial initiator, and initiator (BSA MI + BiBA) : monomer : CuBr : Me6TREN 

= 1 :121 : 13 : 19 when using sacrificial initiator. The ratio of sacrificial initiator to lysine 

was kept 10 : 1. After that, the reaction was quenched by allowing air into the reaction 

mixture and products purified by two times dialysis (against MPD buffer using dialysis 



6 Optimizing the CRP for a transmembrane protein 

- 45 - 
 

membrane with a MWCO of 12-14 kDa for 24 h). The conjugate samples were stored at 

4 °C before further characterization. 

 

6.2.2. Characterization techniques  

 

Proton nuclear magnetic resonance: 1H-NMR spectra were recorded on an INOVA 

500 spectrometer from Varian Inc. at 500 MHz. CDCl3 and D2O were used as solvents. 

Measurements were performed at room temperature. For measuring the conversion of a 

polymerization, the samples of product were taken before dialysis or purification, and 

mixed with D2O 50:50 v/v. The signal of non-deuterated solvent was then used as 

internal standard. 

 

MALDI-ToF mass spectrometry: Spectra were acquired using a 337 nm laser Bruker 

UTX MALDI-ToF mass spectrometer (Bruker, Bremen, Germany) with pulsed ion 

extraction. The masses were determined in positive ion linear mode. The sample 

solutions were applied on a ground steel target using the dried droplet technique. For 

analyzing BSA and BSA MI, ZipTipC4 pipette tips (Millipore, Darmstadt, Germany) were 

used. Super-DHB, a 9:1 mixture of 2,5 dihydroxybenzoic acid (DHB) and 2-hydroxy-5-

methoxybenzoic acid, was used as matrix substance in a 50 mg/ml solution in Millipore 

water:acetonitrile 1:1 with 0.1 % trifluoroacetic acid. For analyzing just polymer, sample 

(5 mg/ml in THF) was mixed with sodium trifluoroacetate (10 mg/ml in THF), and the 

matrix dithranol (10 mg/ml in THF) in the ratio 5 : 1 : 25 and 0.5-2 µl of the mixture were 

applied  on the ground steel target. Mass calibration was performed with external 

calibration. 

 

Gel permeation chromatography: The purified polymers were characterized using 

GPC with attached RI detector on a Brookhaven device with DMF as solvent. The flow 

rate was 1 ml/min, injection volume 100 µl and samples were calibrated against 

polystyrene standards. 

 

SDS-PAGE: BSA conjugates were analyzed on a 4-15 % gradient polyacrylamide gel 

(90 V, ca. 2.5 h, Mini-PROTEAN® Electrophoresis System-Bio-Rad, München, 
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Germany). Samples were prepared by denaturing the protein using 2 mercaptoethanol 

at 65 °C for 3 min. Then, 8 µl of each sample was loaded onto the gel. Silver as well as 

coomassie staining were used to resolve the gel. For coomassie staining, the gels were 

put on a shaking platform in staining solution [1 g/l R-250 (Coomassie brilliant blue), 1 g/l 

CBB, 50 v/v % methanol, 10 v/v % acetic acid and 40 v/v % distilled water] for 10-12 min 

and then 3-4 times in destaining solution (30 v/v % ethanol, 10 v/v % acetic acid and 

60 v/v % distilled water) for 30 min each until destaining was complete. For silver 

staining, gels were first put on a shaking platform in Fix 1 (30 v/v % ethanol, 10 v/v % 

acetic acid and 60 v/v % distilled water) for 15 min and then in Fix 2 (0.4 M sodium 

acetate, 0.5 v/v % acetic acid, 30 v/v % ethanol, 0.5 v/v % glutaraldehyde, 0.1 % sodium 

thiosulfate) for 30 min. After this, the gels were washed with distilled water three times 

for 10 min each time. Then, the gel was put on a shaking platform in silver staining 

solution (6 mM silver nitrate, 0.01 w/v % formaldehyde) for 45 min in the dark (container 

covered in aluminum foil). Afterwards, the gel was resolved using freshly prepared 

developing solution (3.75 w/v % sodium carbonate, 0.022 w/v % formaldehyde) for ca. 

2-5 min until protein bands were sufficiently visible, after which the gel was put in the 

stop solution (50 mM EDTA, pH 7.5) for 10 min. The gel could be stored indefinitely in 

stop solution. 

 

Analytical ultracentrifugation: AUC was performed with an Optima XL-I centrifuge 

from Beckman Coulter (Krefeld, Germany) equipped with an interference optical 

detection system and AN60Ti rotor. The protein concentration of the samples was 

0.2 mg/ml and the centrifugation speed 31,000 rcf. Three parallel runs for 16 h at 20 °C 

were averaged to get the final spectra. The software XL-I 3.01h, SEDFIT V14.81 (2015) 

and Mathematica 10 were used for data analysis. 

 

 

 

 

 

 

 



6 Optimizing the CRP for a transmembrane protein 

- 47 - 
 

6.3. Reactions in MPD buffer with BiBA as the initiator  

 

6.3.1. Homopolymerization of NIPAAm  

 

In order to find suitable reaction conditions for the polymerization in MPD buffer, 

copper-mediated living radical polymerization of NIPAAm with BiBA as the initiator was 

carried out in MPD buffer, and the effect of temperature and other parameters 

investigated. In agreement with the observation in this reference,206 CuBr2 was not 

required as it was generated in situ anyway as a result of disproportionation of Cu(I). 

Based on optimization experiments, the ratio of 1 : 1.3 : 0 : 1.9 for BiBA : CuBr : CuBr2 : 

Me6TREN resulted in near complete conversion and reproducible results for MPD buffer 

system (Figure 6.1B). The ratio of the monomer was varied while keeping the other 

ratios the same, depending on the desired polymer chain length. The temperature of the 

reaction proved to be another crucial factor, with no conversion at RT (Figure 6.1A). 

Hence, all further reactions were carried out in an ice bath at 0 °C, to ensure complete 

conversion (Figure 6.1B). Another very important factor was the disproportionation of 

Cu(I), in absence of which the polymerization either terminated too soon or the resultant  

  

 

Figure 6.1: NMR spectra showing conversion for polymerizations of NIPAAm carried out 

at RT (A) and 0 °C (B), and otherwise identical conditions (explained in Section 6.2.1). 

The reaction mixture was directly taken before purification, diluted with D2O (hence the 

large signal from water at 4.80 ppm). The signals of vinyl hydrogen atoms (1, 2 and 3) 

are shifted to lower ppm (4) upon polymerization, as shown in the image. 
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PNIPAAm was highly polydisperse. Hence, the reaction mixtures were stirred 30 

minutes before being mixed to ascertain complete disproportionation. GPC 

chromatograph with polymer chain length of around 200 repeat units shows that the 

generated PNIPAAm was with a polydispersity of 1.29 and a Mn of 15200 g/mol 

(Figure 6.2A). MALDI-ToF mass spectrum of PNIPAAm with lower chain length (50 

repeat units) shows a MW around 5000 g/mol (Figure 6.2B). Hence, the MALDI-ToF MS 

data and GPC data are close to the theoretically expected values. 

 

6.3.2. Homopolymerization of DMAEMA  

 

Being a pH as well as thermo-responsive polymer, PDMAEMA stands out as an 

interesting candidate for usage in protein-polymer conjugates. Hence, polymerization of 

DMAEMA was optimized from the initiator BiBA in MPD buffer, and the same ratio of 

reactants as used for PNIPAAm resulted in efficient conversion. Figure 6.3B shows the 

NMR spectrum of PDMAEMA and disappearance of the signals of vinyl hydrogen atoms 

at 6.04 ppm and 5.48 ppm (Figure 6.3A) upon complete conversion to polymer 

(Figure 6.3B). For reactions to grow DMAEMA from FhuA variants, similar conditions  

 

 

 

Figure 6.2: Mass distribution of PNIPAAm from GPC chromatogram (A) and from 

MALDI-ToF mass spectrum (B). GPC chromatogram of PDMAEMA (C). It was not 

possible to obtain MALDI-ToF mass spectrum for PDMAEMA. 
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were successfully used (Chapter 9). The GPC chromatogram for PDMAEMA with a 

polymer chain length of around 200 repeat units shows Mn around 68000 g/mol as 

shown in Figure 6.2C and PDI of 2.95. The molecular weight is much higher than the 

theoretically expected value and this deviation is much more pronounced than for 

PNIPAAm. GPC calibration was done against polystyrene standards; it is a common 

phenomenon in GPC that the apparent MW can show significant deviation from the real 

MW, especially when the standards have different properties than the sample. 

 

Figure 6.3: NMR spectra of DMAEMA (A) and PDMAEMA (B). The signals at 6.04 ppm 

and 5.48 ppm of the vinyl hydrogen atoms (1 and 2) disappear upon polymerization. 

 

6.3.3. Statistical copolymerization of NIPAAm and DMMIBA  

 

Since the final goal of the work done during the course of this thesis was to generate 

covalently stable macrostructures from protein-polymer conjugates (Chapter 9 and 

Chapter 10), crosslinkable monomer units provide an interesting handle. 

UV-crosslinkable monomers provide a very efficient method of crosslinking since they 

don‟t require any additional crosslinking agent, whose presence may later contaminate 

the macrostructures. DMIAAm, a UV-crosslinkable monomer, has previously been 

employed for generation of ferritin-polymer conjugates, which were then crosslinked.26, 

116, 117 DMMIBA is another UV-crosslinkable monomer that was synthesized for the study 

shown in this thesis based on a protocol similar to that used in the reference.105, 110 

DMMIBA contains a longer spacer than DMIAAm and is hence expected to be more 
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efficient at UV-crosslinking. The length of the spacer unit can be varied and different 

crosslinking agents synthesized if needed. However, the water solubility needs to be 

carefully checked for longer spacer units. Furthermore, the synthesis of DMMIBA is 

much easier, faster and reaches higher yields compared to DMIAAm. Figure 6.4 shows 

a comparison of the chemical structures of DMIAAm and DMMIBA.  

 

 

Figure 6.4: DMMIBA has a longer spacer than DMIAAm and hence is expected to be 

better suited for UV-crosslinking when incorporated in copolymer chains. 

 

Copolymerization of DMMIBA and NIPAAm was more challenging than 

homopolymerization of NIPAAm, since DMMIBA has a low miscibility in water. The ratio 

of reactants was kept the same as in the homopolymerization of NIPAAm. Four 

reactions were carried out with increasing DMMIBA amount: 5 %, 10 %, 20 % and 40 % 

of the monomers. NMR analysis showed that up to 7 % crosslinker can be incorporated 

into the copolymer (Figure 6.5). Although up to 7 % of DMMIBA could be incorporated, 

there was significant loss in polymerization yield at higher ratio of DMMIBA in the 

reaction mixtures, most likely because at higher amounts there is significant amount of 

immiscible DMMIBA. Hence, 5 % DMMIBA was used for the synthesis of conjugates 

with BSA and FhuA. 
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Figure 6.5: NMR spectra of the copolymer generated by using various amounts of 

DMMIBA, showing that the copolymer can be formed with incorporations of DMMIBA 

ranging from 2 to 7 % of the final copolymer. 

 

6.4. Reactions in MPD buffer with BSA  

 

6.4.1. Optimizing the synthesis of BSA macroinitiator 

 

The aim of this thesis was to generate conjugates of the protein FhuA (explained in 

detail in Section 4.1.2 and Chapter 7). However, FhuA is not commercially available, 

difficult to extract and only available in limited quantity. Hence, the reactions were first 

optimized using BSA, a commercially available cheap protein. The growth of polymers 

from the spherical protein ferritin via ATRP has previously been reported.26, 116, 117, 181, 207 

First, a functional CRP initiator is attached to the lysine residues of the protein and 

consecutively grafting-from polymerization carried out from the so called „macroinitiator‟. 
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However, the reaction conditions had to be adjusted to transfer this approach to the 

transmembrane protein FhuA, especially to avoid the exposure of FhuA to an organic 

co-solvent. Even though the reported polymerizations are free of organic solvent, the 

attachment of the CRP initiator or chain transfer agent (CTA) usually requires an organic 

co-solvent for solubilization,156, 160, 162 thus exposing the protein to the solvent, prior to 

polymerization. In order to avoid that, a water-soluble NHS-ester activated CRP initiator 

was chosen to be linked to the lysine residues of BSA to form the BSA macroinitiator 

(BSA MI).164 Additionally, FhuA being a transmembrane protein, requires MPD 

molecules to remain correctly folded. Hence, the optimization reactions were carried out 

in MPD buffer. 

 

BSA MI was prepared at various pH values using N-2-bromo-2-methylpropanoyl-β-

alanine N’-oxysuccinimide ester as the functional CRP initiator. MALDI ToF MS allowed 

precise characterization of BSA MI. The extent of modification was estimated by dividing 

the difference in molecular weight of unmodified BSA and BSA MI by 220 Da (the mass 

of one attached initiator unit). It is known that at higher pH, the reactivity of NHS ester 

towards primary amines is higher, however, so is the rate of hydrolysis.208 Hence, a 

 

 

Figure 6.6: Modification of BSA monitored by MALDI-ToF MS spectra A) BSA and 

BSA MI showing a modification of ~18 lysine residues. B) BSA and BSA MI showing the 

effect of pH on modification of the lysine residues: ca. 18, 25, 29 and 34 lysines were 

modified at pH 6.4, pH 7.4, pH 8.4 and pH 9.4, respectively. 
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molar excess of 25 functional CRP initiators to each lysine residue was used to reduce 

the effect of hydrolysis at higher pH. Out of a total of 61 lysines present on BSA, 

between ca. 18 to 34 lysines were modified, giving an estimated number of solvent 

accessible lysines to be ca. 34 per BSA. The higher the pH, the higher was the extent of 

modification (Figure 6.6B). Hence, keeping the stability of FhuA in mind, the pH of 9.0 

was chosen to obtain maximum modification for all the further reactions with BSA and 

for all reactions with FhuA. 

 

6.4.2. Optimizing grafting-from polymerization for the generation of 

protein-polymer conjugates 

 

After successfully generating BSA MI, the next step was to grow polymer chains from 

the CRP initiator units on BSA MI. The approach employed was copper-mediated CRP 

with Me6TREN as the ligand. The polymerization was carried out in MPD buffer, without 

the use of any organic co-solvent. The reaction conditions that were used for 

homopolymerization of NIPAAm and DMAEMA were also employed for growing polymer 

chains from BSA MI. BiBA was used as the sacrificial initiator (see next paragraph for 

more detailed description), as already shown in previously reported literature.117  

 

 

Figure 6.7: SDS-PAGE profile of BSA (lane 1, lane 3), BSA-PNIPAAm with BiBA as the 

sacrificial initiator (lane 2) and PNIPAAm (3.625 mg/ml, 6.25 mg/ml, 12.5 mg/ml and 25 

mg/ml for lane 4, 5, 6 and 7, respectively) 
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Previously it was claimed that the use of sacrificial initiators (usually small molecules; 

hence having much less steric hindrance than a macroinitiator) was helpful in providing 

control over the polymerization and overcome the induction period.209 SDS-PAGE 

profiles shown in Figure 6.7 show the faded bands typical of protein-polymer conjugates. 

Additionally, only PNIPAAm was also run in the gel to investigate whether PNIPAAm by 

itself could give false positive. Up to a concentration of 25 mg/ml, there was no visual 

confirmation of any stained bands of PNIPAAm (Figure 6.7). 

 

However, the removal of free polymer chains resulting from the used sacrificial initiator is 

tedious and inefficient. Hence, it is desirable to be able to do the polymerization without 

using any sacrificial initiator. In recently reported research, it was possible to achieve 

control over polymerization even without the use of sacrificial initiator.162 It would be 

interesting to use this approach to FhuA (and hence optimized using BSA). The 

resultant conjugates could be easily purified since all unwanted products, being small 

molecules, could be efficiently removed by dialysis. Furthermore, characterization 

techniques such as AUC and CD spectroscopy, which are sensitive to presence of free 

polymer chains, could be employed to protein-polymer conjugates if there were no free 

polymer chains. However, FhuA is only available in limited amounts due to complicated 

extraction procedure. Hence, one of the problems in optimizing this approach with low 

amounts of BSA was with the low amount of water-insoluble reactants (such as CuBr), 

which were impractical to be weighed (i.e. quantities less than 0.1 mg, the least count of 

the balance). This problem could be overcome easily by increasing the scale of reaction, 

while keeping the ratio of all the reactants the same. Increasing the quantity of all the 

reactants indeed resulted in conjugates with near complete conversion of the monomer 

(based on analysis by NMR of the unpurified reaction mixture; data not shown). 

Figure 6.8 (lanes 1, 2, 10 and 11) shows the conjugates successfully generated in this 

way without the use of any sacrificial initiator (See Section 7.6.1 for detailed explanation 

of the staining methods and analysis of conjugates using SDS-PAGE). In order to check 

whether unmodified BSA can be dragged with the conjugate, the BSA-PNIPAAm 

conjugate was mixed with unmodified BSA in a 50:50 ratio, and loaded on the SDS-

PAGE gel (Figure 6.8, lane 9). It was unequivocally proved that if there is some 

unmodified BSA, it is clearly visible as a separate distinct band. Hence, it was proved 
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that the conjugate formation without the sacrificial initiator is also highly efficient, 

resulting in complete modification of BSA MI. 

 

However, for a protein like FhuA, which is not commercially available, scaling up the 

whole reaction can be a challenge because of limited quantity of the protein. Hence, 

another approach was developed to generate the conjugates. The amount of the 

catalyst (i.e. CuBr as well as Me6TREN) was increased while keeping the amount of 

initiator (i.e. BSA MI) and the amount of monomer the same. Instead of the usual ratio of 

1 : 121 : 1.3 : 1.9 for initiator : NIPAAm : CuBr : Me6TREN, the ratio 1 : 121 : 13 : 19 (i.e. 

10 times the catalyst while keeping the rest the same) was used. This also resulted in 

conjugates with complete conversion. Figure 6.8 (lanes 3, 4, 5, 6, 7 and 8) shows the 

BSA-PNIPAAm conjugates synthesized using this approach. Similarly, 

BSA-PNIPAAm-r-PDMMIBA and BSA-PDMAEMA-r-DMMIBA conjugates were also 

generated using 10 times the catalyst ratio (Figure 6.9). The BSA sample in lane 1 also  

 

 

Figure 6.8: Silver (A) and Coomassie (B) stained SDS-PAGE analysis of conjugation of 

polymers to BSA without sacrificial initiator at different ratios of reactants. 

Lane 1/2: BSA-PNIPAAm at 10x total amount of all reactants (see text for details); 

lane 3/4: BSA-PNIPAAm at 10x catalyst, initiator and monomer amount the same (see 

text for details); lane 5/6/7/8: BSA-PNIPAAm-PDMIAAm at 10x catalyst, initiator and 

monomer amount the same; lane 9: A 50:50 mixture of unmodified BSA and 

BSA-PNIPAAm from lane 1; lane 10/11: BSA-PNIPAAm same as lane 1, two times 

volume loaded onto gel; lane 12/13: unrelated samples. 
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Figure 6.9: SDS-PAGE of BSA and its conjugates. Lane 1 – BSA, lane 2 – unrelated 

sample, lane 3 – BSA-PNIPAAm-r-PDMMIBA and lane 4 – BSA-PDMAEMA-r-

PDMMIBA. No sacrificial initiator was used in the synthesis of any of these conjugates. 

 

shows contamination in pure BSA, which has been reported in literature to occur from 

time to time.162 

 

As a result of successful formation of conjugates without any free polymer chains, it was 

also possible to characterize the conjugates with additional techniques like analytical 

ultracentrifugation (AUC). AUC is a sensitive technique to estimate the size of particles 

by putting them under high centrifugal force and analyzing their velocity profiles. In the 

presence of free polymer chains in the conjugate solution, the velocity profile of the 

conjugate cannot be accurately measured because of hindered movement of the 

conjugate through the free polymer chains, resulting in measurement artefacts. 

Additionally, the absorbance from free polymer chains also creates noise in the velocity 

profile data. AUC results (Figure 6.10A and Figure 6.10B) clearly show an increase in 

the hydrodynamic radius of BSA pre and post modification. Unlike other techniques, 

AUC measures the proteins and conjugates in their natural aqueous environment, hence 

avoiding any drying or freezing related artefacts. However, the partial specific volume of 

a particle is needed for accurate diffusion corrected results (Figure 6.10B). Although a 

simple experiment, accurate determination of partial specific volume of a particle 
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requires large quantity of the protein or particle. For BSA and BSA-PNIPAAm, the 

extrapolated values were 1.00082 cm3/g and 1.00080 cm3/g respectively. While for BSA, 

a commercially available protein, it was feasible, for FhuA it was counter-productive. 

Nonetheless, even non-diffusion corrected results were helpful enough in proving 

conjugation (Figure 7.9).    

 

Figure 6.10: AUC measurements of BSA and BSA-PNIPAAm without (A) and with (B) 

diffusion correction. These data clearly show a change in size of BSA upon modification. 

The conjugates without sacrificial initiator were crucial to obtain reliable data for BSA-

PNIPAAm. 

 

6.5. Summary 

 

In conclusion, the reaction conditions were optimized to be applied to the protein FhuA. 

Hence, all experiments were conducted in MPD buffer and without the use of any 

additional organic co-solvent. First, the homopolymerization of NIPAAm and DMAEMA 

and then the copolymerization of NIPAAm with DMIAAm in MPD buffer with BiBA as the 

initiator were investigated. Copper-mediated CRP with Me6TREN as the ligand was 

used. The polymer samples were characterized using MALDI-ToF MS and GPC. The 

optimized conditions were then employed for grafting-from polymerization using BSA as 

a model protein. A BSA macroinitiator (MI) was first generated by reacting BSA with a 

water-soluble functional CRP initiator. The efficiency of coupling of the initiator was 

investigated using MALDI-ToF MS at various pH and optimum value of pH 9.0 was 

obtained. Consecutively, grafting-from polymerization with BSA MI was carried out in 

MPD buffer using the optimized conditions from the homopolymerization and 
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copolymerization experiments with BiBA as a sacrificial initiator. The formation of 

conjugates was proved by SDS-PAGE analysis using coomassie as well as silver 

staining. Furthermore, two approaches to avoid the use of sacrificial initiator were 

investigated – one to scale up the whole reaction, and second to use 10-times higher 

amount of the catalyst (i.e. CuBr and Me6TREN). Both the techniques resulted in 

successful generation of conjugates with BSA. Conjugates of BSA without the free 

polymer chains (resulting from sacrificial initiator) enabled analysis using AUC, which 

unequivocally proved the conjugate synthesis by demonstrating an increase in the 

hydrodynamic radius of BSA pre and post modification. Based on the optimization 

experiments explained in this chapter, conjugates of various genetic variants of FhuA 

(Chapter 7) and many other proteins (Chapter 8) were synthesized. 
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7 Synthesis and characterization of conjugates of 

FhuA 

The synthesis and characterization of the protein and its variants, used for the study 

shown in this chapter, were done by our collaboration partners; Julia Kinzel, Deepak 

Anand and others in the group of Prof. Schwaneberg at the RWTH Aachen University. 

 

7.1. Introduction 

 

After optimizing the reaction conditions with BiBA and BSA, the focus was moved to 

modify the protein of interest, ferric hydroxamate uptake protein component A (FhuA). 

This chapter deals with the syntheses of various “building blocks based on 

transmembrane proteins” (BBTP) from the transmembrane protein FhuA by grafting 

three different polymers from its surface. The grafted polymers were 

poly(N-isopropylacrylamide) (PNIPAAm), a copolymer of NIPAAm and 3,4-dimethyl 

maleic imidobutyl acrylate (DMMIBA) and poly((2-dimethylamino)ethyl methacrylate) 

(PDMAEMA). The grafting was performed from FhuA WT and three variants, two of 

which had been genetically optimized to avoid growth of polymer chains inside the FhuA 

channel. These two variants had up to 11 lysines, uniformly distributed in a rim 

exclusively on the outer surface of FhuA. This distribution should facilitate the growth of 

polymer chains as well as avoid possible instability in the protein structure because of its 

modification. A water-soluble functional CRP initiator was linked to the amine groups of 

the lysine residues of FhuA and subsequently polymer chains were grafted from the 

protein surface. Although, non-specific grafting-to on the surface of cells (and hence 

membrane proteins) has been reported before,210 to the best of my knowledge, this 

study was the first example of grafting a polymer from a transmembrane protein. 
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7.2. Preparation and characterization 

 

7.2.1. Materials  

 

All chemicals used were of analytical reagent grade or higher quality, purchased 

from Applichem (Darmstadt, Germany), Alfa Aesar (Karlsruhe, Germany) or 

Sigma-Aldrich Chemie (Taufkirchen, Germany), if not stated otherwise. NIPAAm 

was purified by two successive recrystallizations from a mixture of n-hexane and 

benzene (4:1 v:v). Before use, DMAEMA was passed through basic alumina 

twice, to remove the inhibitor. CuBr was purified by stirring in acetic acid 

overnight. After filtration, it was washed successively with ethanol and 

diethylether and then dried in vacuum. All other chemicals were used as received 

without further purification. N-2-bromo-2-methylpropanoyl-β-alanine N‟-

oxysuccinimide ester was synthesized according to reference.164 The 

crosslinkable monomer, 3,4-dimethyl maleic imidobutyl acrylate (DMMIBA), was 

synthesized according to a procedure reported for similar compounds.105, 110 

 

MPD buffer is defined as the buffer containing 50 mM MPD, 10 mM sodium 

phosphate, 1 mM EDTA and 1 mM NaN3 at pH 7.4, unless otherwise stated. 

 

Rational design, cloning, expression and extraction of FhuA variants: The 

protein was provided by the group of Prof. Schwaneberg, RWTH Aachen 

University, and generated using protocol reported in the reference.14 

 

Formation of FhuA solution: The lyophilized powder of respective FhuA 

(containing ca. 66 wt. % SDS) was dissolved in MPD buffer and dialyzed two 

times (against MPD buffer using dialysis membrane with a MWCO of 12-14 kDa 

for 24 h). The dialyzed solution was centrifuged at 3200 g for 20 min and passed 

through a 0.2 µm PVDF filter in order to remove any larger aggregates or 

bacteria. The concentration of the purified sample was estimated using BCA 
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assay kit provided by Thermo-Fischer scientific and the samples were stored at 

12 °C before further use. 

 

Formation of FhuA macroinitiator (FhuA MI): pH of the respective FhuA 

solution was increased by exchanging the buffer from MPD buffer to MPD buffer 

pH 9.0. To do that, three times centrifugation at 3,200 g was performed using a 

10 kDa MWCO Amicon Ultra-4 filter unit. Then, 25 equivalents of N-2-bromo-2-

methylpropanoyl-β-alanine N’-oxysuccinimide ester per lysine residue of the 

respective FhuA variant were added to the protein solution at around 5 mg/ml. 

The reaction was allowed to proceed at 12 °C for 12 h on a shaking platform. 

Afterwards, the solution was dialyzed twice (against MPD buffer using dialysis 

membrane with a MWCO of 12-14 kDa for 24 h) and stored at 12 °C before being 

polymerized. The concentration of the purified sample was estimated using BCA 

assay kit provided by Thermo-Fischer scientific. 

 

Polymerization from FhuA MI: Each FhuA MI solution was first dialyzed against 

MPD buffer without NaN3, since NaN3 influences the CRP catalyst complex. 

Monomers (NIPAAm / DMAEMA / DMMIBA) were then added to the respective 

FhuA MI solution. In case of use of a sacrificial initiator, 2-bromoisobutyric acid 

(BiBA) was also added. The solution was deoxygenated by purging with nitrogen 

for 30 min while cooling it in an ice bath. Simultaneously, a solution of CuBr and 

Me6TREN in 1 ml Millipore water was degassed likewise. The 

monomer/(macro)initiator solution was then transferred to the catalyst solution via 

cannula transfer. The typical final ratio of components for the reaction was 

initiator (FhuA MI) : monomer : CuBr : Me6TREN = 1 : 200 : 7 : 10 when using no 

sacrificial initiator, and initiator (FhuA MI + BiBA) : monomer : CuBr : Me6TREN = 

1 :50 : 1.3 : 1.9 when using sacrificial initiator. The amount of sacrificial initiator 

was kept the same for each FhuA variant. The excess of BiBA for all the variants 

was 345 BiBA per FhuA. The reaction was allowed to proceed for 12 h, initially at 

0 °C and gradually rising to room temperature as the ice melted after about 2 h. 

The obtained products were purified first by two times dialysis (against 

MPD buffer using dialysis membrane with a MWCO of 12-14 kDa for 24 h) to 
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remove all unreacted monomer and small molecules. Nine times centrifugation at 

3,200 g (MPD buffer using a 50 kDa MWCO Amicon Ultra-4 filter unit) was carried 

out to remove the free polymer, if sacrificial initiator was used; otherwise this step 

was skipped. Finally, the sample was collected and stored at 15 °C until further 

characterization. The concentration of the purified sample was estimated using 

BCA assay kit provided by Thermo-Fischer scientific. 

 

7.2.2. Characterization techniques  

 

SDS-PAGE: To perform gel electrophoresis of FhuA, FhuA MI and FhuA-polymer 

conjugates together, a 4-15 % gradient polyacrylamide gel was used (90 V, ca. 

2.5 h, Mini-PROTEAN® Electrophoresis System-Bio-Rad, München, Germany). 

Samples were prepared by denaturing the protein using 2-mercaptoethanol at 

65 °C for 3 min. Then, 8 µl of each sample was loaded onto the gel. Silver and/or 

coomassie staining were used to resolve the gel. The staining protocols are 

described in Section 6.2.2 in detail. 

 

CD spectroscopy: CD spectra were recorded on Olis SDM 17 at room 

temperature (Olis, Bogart, USA, software Olis GlobalWorks version 4.7.40) using 

0.5 mm path length cuvettes and 0.5 mg/ml protein concentration. The bandwidth 

of 2 nm, data pitch of 1 nm, scan speed of 20 nm/min and data integration time 

(DIT) of 1 sec was used for all measurements. An average of three spectra was 

taken for all measurements. Spectra were smoothed using Savitzky-Golay filter. 

FhuA MI and FhuA-polymer conjugates were analyzed on J 815 device (Jasco 

Analytical Instruments, Easton, USA, software Spectra manager-2) at 20 °C using 

0.2 mm path length cuvettes and 1 mg/ml protein concentration. The bandwidth of 

1 nm, data pitch of 1 nm, scan speed of 50 nm/min and DIT of 4 sec was used for 

all measurements. An average of three spectra was taken for all measurements, 

without smoothening. 

 

MALDI-ToF mass spectrometry: Spectra were acquired using a 337 nm laser 

Bruker UTX MALDI-ToF mass spectrometer (Bruker, Bremen, Germany) with 
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pulsed ion extraction. The masses were determined in positive ion linear mode. 

The sample solutions were applied on a ground steel target using the dried 

droplet technique with ZipTipC4 pipette tips (Millipore, Darmstadt, Germany). 

Super-DHB, a 9:1 mixture of 2,5-dihydroxybenzoic acid (DHB) and 2-hydroxy-5-

methoxybenzoic acid, was used as matrix substance in a 50 mg/ml solution in 

Millipore water:acetonitrile 1:1 with 0.1 % trifluoroacetic acid. Mass calibration was 

performed with external calibration. 

 

Analytical ultracentrifugation: Ultracentrifugation was performed with an 

Optima XL-I centrifuge from Beckman Coulter (Krefeld, Germany) equipped with 

an interference optical detection system and AN60Ti rotor. The protein 

concentration of the samples was 0.2 mg/ml and the centrifugation speed 

31,000 rcf. Three parallel runs for 16 h at 20°C were averaged to get the final 

spectra. The software XL-I 3.01h, SEDFIT V14.81 (2015) and Mathematica 10 

were used for data analysis. 

 

Chromatography: SEC was performed on a Knauer instrument (Berlin, 

Germany) with a Knauer BioFox 17/100 SEC protein column using UV detection 

at 210 nm, 254 nm, 280 nm and 300 nm simultaneously. The column was eluted 

using MPD buffer at a rate of 1 ml/min. 

 

Transmission Electron Microscopy: TEM was performed on a Philips CM-200 device 

operating at 120 kV. The samples were deposited on nitrogen glow discharged 

carbon/cellulose acetate film coated grids, washed 2 times with Millipore water, stained 

using 2 % (w/v) uranyl acetate solution, and analyzed on the same day. 

 

7.3. FhuA stabilization 

 

Membrane proteins are anchored in a phospholipid bilayer by hydrophobic amino 

acid side chains exposed to their outer barrel surface leading to hydrophobic 

interactions in the ~2.5 nm thick hydrophobic bilayer in their natural environment. 
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Transmembrane proteins usually require detergents to keep these hydrophobic 

patches covered and keep the protein correctly folded after its extraction from 

cells. The detergent octyl-polyoxyethylene (oPOE)35, 185, 211 and the block-

copolymer polyethylene-polyethyleneglycol (PE-PEG)212, 213 have been shown to 

successfully refold FhuA. However, steric hindrance of oPOE/PE-PEG is 

unfavorable for modification most likely because of shielding of lysine residues 

and furthermore the high costs of oPOE make them inappropriate as a suitable 

detergent for FhuA refolding. A water-miscible amphipathic alcohol, 2-methyl-2,4-

pentanediol (MPD), was used as an alternative stabilizing agent for FhuA for 

experiments reported in this thesis. The method, originally developed by 

Michaux et al.,214 consists of using amphipathic co-solvents to refold SDS-

denatured proteins and enable them to regain their active form. Using MPD was 

not only beneficial for the polymerization process, but also enabled me to perform 

characterization with dynamic light scattering (DLS) and transmission electron 

microscopy (TEM). CD spectra proved that FhuA WT and the three variants had 

predominantly β-sheet structure, as expected, in presence of 50 mM MPD 

(Figure 7.11). 

 

Later into the project it was realized that all FhuA variants and their conjugates 

tend to attract bacteria when stored over a week (Figure 7.1A/B). Hence, in order 

to avoid bacterial growth in the samples, 1mM NaN3 was included in the MPD 

buffer (experimental section). However, NaN3 interferes with the polymerization; 

possibly disrupting the catalyst complex and giving it a greenish colour, as 

opposed to the usual blue colour (Figure 7.1C/D). Hence, before the 

polymerization, NaN3 was dialyzed out; and after the polymerization, normal MPD 

buffer with NaN3 was used for dialysis. 
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Figure 7.1: Contamination of a sample of FhuA WT (A) and FhuA WT-PNIPAAm (B). 

Color of the catalyst complex when in MPD buffer without (C) and with (D) NaN3. 

 

7.4. Rational design of FhuA WT and variants 

 

Starting from naturally occurring FhuA WT,34 the pore-blocking cork domain can 

be removed by deletion of the amino acids 1-159. The resulting variant 

FhuA Δ1-159 has already been used for stability studies,38 transport in artificial 

membranes35-37 and formation of catalytically active channels (FhuA ΔCVFtev).215, 

216 BBTP formation was successfully demonstrated for both variants, but their use 

is not advantageous for any imaginable applications of BBTP. Although 

FhuA ΔCVFtev has an open pore, the 28 lysine residues are non-uniformly 

distributed around the whole protein, including some exposed to the channel 

entrance or interior (Table 7.1). Hence, their modification and polymer growth 

would probably block the channel. Furthermore, the modification of residues 

located in the hydrophobic region of FhuA could be hindered by the stabilizing 

agent, which ensures the proper folding and solubility of the transmembrane 

protein. Additionally, after linkage of chemical groups to a charged amino acid 

residue, the salt bridge would be destroyed and the stability decreased (explained 

in Section 4.1.1). 
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Table 7.1: Overview of FhuA WT and FhuA variants along with their properties. FhuA 

deletion variants including two recognitions sites for TEV protease resulting in a desired 

fragment (blue); K, lysine residue (magenta); TEV, Tobacco Etch Virus. 

 

 

Accommodating all the mentioned factors, two FhuA variants for predefined 

site-specific modification were designed. Lysine residues (K) are located at 

defined positions, symmetrically distributed in a plane perpendicular to the protein 

channel, exclusively on the outer surface of the barrel and above the hydrophobic 

region (Table 7.1). FhuA ΔCVFtevK8
mid and FhuA ΔCVFtevK11

up contain lysine 

residues evenly distributed in a rim around FhuA and not directly involved in salt 

bridges. These lysines are expected to be easily accessible, and the resultant 

FhuA-polymer conjugates more stable. FhuA ΔCVFtev as well as the two new 

FhuA variants additionally included two recognition sites for the Tobacco Etch 

Virus protease (TEV protease),217 in the sequence of FhuA ΔCVFtev, 

FhuA ΔCVFtevK8
mid and FhuA ΔCVFtevK11

up. TEV protease is a highly site-specific 

enzyme that recognizes the amino acid sequence ENLYFQ|G and cleaves the 

main chain of the protein after Q.217 Thus, the respective FhuA variants are 

cleaved into three fragments (Figure 7.2). FhuA ΔCVFtevK8
mid and 
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FhuA ΔCVFtevK11
up were designed in the way that the 6 kDa fragment contains 

one lysine residue each to facilitate analysis of the lysine modification with mass 

spectrometry (Table 7.1).  

 

 

Figure 7.2: Cleavage of FhuA ΔCVFtevK8
mid (shown as an example) through Tobacco 

Etch Virus (TEV) protease to obtain a 5.965 kDa fragment for mass spectrometry 

analysis. The small fragment (blue) of the shown FhuA ΔCVFtevK8
mid variant contains the 

lysine residue K519 (ball structure in magenta). 

 

7.5. Synthesizing FhuA macroinitiator 

 

The macroinitiators for polymerization were generated by the reaction of the 

respective FhuA variant with N-2-bromo-2-methylpropanoyl-β-alanine N‟-oxy-

succinimide ester at pH 9.0, as the reactivity of amines towards NHS activated 

acylating agents is higher at elevated pH.208 The reaction was carried out at 12 °C 

in order to maintain the stability of FhuA. However, the rate of hydrolysis of NHS 

esters also increases at elevated pH and higher temperature conditions (also see 

Section 6.4.1 for comparable BSA macroinitiators). A 25 fold stoichiometric 

excess of the initiator compound per lysine group of the respective FhuA variant 
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worked well to achieve a high degree of modification. After the reaction, FhuA MI 

was purified from unconjugated initiator and NHS by dialysis against MPD buffer. 

SDS-PAGE was performed on a gradient gel. Compared to unmodified FhuA, the 

macroinitiators show a slight shift to higher molecular weight in all the variants 

(Figure 7.8). Although the change cannot be exactly quantified, it indicates that 

some addition has indeed taken place. 

 

Top-down mass spectrometry of membrane proteins (that is analysis of intact 

membrane proteins) was reported in 1996 by Fearnley and Walker.218 While 

analysis of soluble proteins is relatively straight forward219 (as also shown in 

Chapter 6 for BSA), for integral membrane proteins, it remains challenging.  

Owing to a lot of apolar residues, membrane proteins may have less number of 

ionizable side chains in comparison to soluble proteins of similar size.219  

Furthermore, transmembrane proteins often have domains strongly H-bonded in 

their secondary structure, possibly resulting in the proteins being more folded and 

less charged in the gas phase.219 These effects are expected to become more 

pronounced with the increasing size of proteins. 

 

Nonetheless, we were successful in obtaining the mass spectra of intact 

FhuA WT, FhuA ΔCVFtevK8
mid and FhuA ΔCVFtevK11

up. Unfortunately, spectra 

were not obtained for all FhuA variants before and after modification. In order to 

circumvent this problem, FhuA samples were digested using TEV protease 

(Figure 7.2 and Figure 7.3). The digestion of FhuA with the TEV protease resulted 

in three fragments, the smallest fragment of which, 6 kDa, can be detected with 

matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass 

spectrometry and gives a hint of the modification. For FhuA ΔCVFtevK8
mid as an 

example, the fragment has one lysine residue which appears to be modified after 

the reaction with the functional CRP initiator (Figure 7.4A). The MALDI-ToF mass 

spectrum shows an increase of 211 Da, corresponding to the mass of one initiator 

unit. The intensity of the peak of the unmodified fragment is nearly insignificant, 

thus supporting the claim that the efficiency of coupling is high. 
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Figure 7.3: Digestion of FhuA and FhuA MI by TEV protease. Respective FhuA samples 

with the protease (Lane 1, 5, 9) show the 41 kDa and 17 kDa fragments, unlike FhuA 

samples without the protease (Lane 2, 6, 10). Digestion for FhuA MI was more difficult to 

prove. Respective FhuA MI with protease (Lane 3, 7, 11) show a slight band for the 

41 kDa fragment, while without protease (Lane 4, 8, 12) they do not show the digestion 

fragments. 

 

The structural integrity of FhuA MIs was analysed by CD spectroscopy. 

The spectra in Figure 7.11 show that all FhuA and their corresponding MI have a 

minimum around 215 nm,220 typical for anti-parallel β-barrel proteins like FhuA.38 

This indicates that the attachment of initiator units does not affect the folding of 

the protein. CD spectra also showed that it is possible to lyophilize and store the 

macroinitiators in freezer (-20 °C). The samples were simply dialyzed for a day to 

get the sample in aqueous environment without the loss of its secondary structure 

(Figure 7.5). 
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Figure 7.4: MALDI-ToF mass spectra of FhuA and FhuA MI. A) The 6 kDa fragment of 

FhuA ΔCVFtevK8
mid after cleavage with protease from Tobacco Etch Virus (TEV). The 

spectrum shows the fragment before (black) and after modification by initiator (red). The 

observed mass changes by 211 Da corresponding to the linkage of one initiator unit. B) 

MALDI-ToF spectra of intact FhuA WT, FhuA ΔCVFtevK8
mid and FhuA ΔCVFtevK11

up were 

also obtained. FhuA WT was detected as 1-, 2- and 3-times charged species as well as 

a dimer (hence a different m/z). The intensity of the other two variants is too low and 

only the 1-times charged protein was observed. 

                        

Figure 7.5: The CD spectra of lyophilized FhuA ΔCVFtev measured directly after 

dissolving the lyophilized powder in MPD buffer (blue) and after a day of dialysis against 

MPD buffer (green). The spectra show that the process of lyophilization does not affect 

the secondary structure of FhuA. 
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7.6. Synthesizing conjugates 

 

Three polymer/copolymer combinations were used to generate conjugates, namely 

PNIPAAm, PNIPAAm-PDMMIBA and PDMAEMA, as shown in Figure 7.6. 

 

Figure 7.6: Scheme of synthesis of BBTP with various polymers detailed in this chapter. 

The respective FhuA variant was modified to generate FhuA macroinitiator, which was 

further used for the synthesis of conjugates with three polymers as shown. Modification 

of just one lysine is illustrated as an example. 

 

7.6.1.  Conjugates with PNIPAAm 

 

After characterizing the MI of FhuA WT, FhuA ΔCVFtev, FhuA ΔCVFtevK8
mid and 

FhuA ΔCVFtevK11
up, a polymerization was performed from the protein surface 

under aqueous conditions. The used MPD-containing buffer is different from 

purely aqueous phosphate buffers. A copper-mediated controlled radical 

polymerization based on the addition of CuBr and the ligand tris[2-(dimethyl-

amino)ethyl]amine (Me6TREN) worked well to obtain FhuA-polymer conjugates. 

Such polymerizations are described as supplemental activator and reducing 
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agent atom-transfer radical polymerization (SARA ATRP) or SET-LRP, and a 

debate about the actual mechanism is going on.58, 61-63, 162, 206, 221  In order to add 

a stimulus handle to the BBTP, the monomer N-isopropylacrylamide was used for 

the polymerization from FhuA. PNIPAAm (and hence the generated BBTP) is 

water-soluble at room temperature and becomes hydrophobic upon raising the 

temperature above the lower critical solution temperature (LCST). Scheme 7.1 

summarizes the formation of FhuA MI and FhuA-PNIPAAm BBTP. 

 

 

Scheme 7.1: Formation of FhuA macroinitiator by reacting the functional CRP initiator 

with the lysine residues of FhuA and subsequent polymerization of NIPAAm under 

copper-mediated CRP conditions. Here, FhuA ΔCVFtevK8
mid is shown as an example. 

 

As the rate of polymerization in water is fast, the reaction was started while 

cooling the solution in an ice bath to avoid early termination, and the temperature 

was allowed to gradually reach room temperature after around 2 hours. The 

addition of 2-bromoisobutyric acid (BiBA) as sacrificial initiator resulted in better 

control over the polymerization. First, small molecules such as the catalyst and 

unreacted monomer were removed after the reaction by dialysis against 

MPD buffer for 2 days. Then, the free PNIPAAm created from the sacrificial 

initiator was removed by extensive centrifugation with MPD buffer against a 

50 kDa membrane until no trace of free polymer was visible in the size exclusion 

chromatography (SEC) spectra (Figure 7.7C). The molecular weight of the 

polymer chains attached to FhuA was difficult to determine directly. Hence, 

control experiments, i.e. characterizing the free polymer resulting from the 

sacrificial initiator and polymerization using only BiBA under identical conditions 

were used. The MW of these polymer chains was estimated to be around 

5000 Da from MALDI-ToF mass spectra (Figure 7.7A and 7.7B). 
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Figure 7.7: A) MALDI-ToF mass spectrum of unpurified FhuA ΔCVFtev–PNIPAAm, 

showing the polymer generated from sacrificial initiator B) MALDI-ToF mass spectrum of 

a control experiment to estimate the MW of free PNIPAAm under similar conditions in 

absence of FhuA MI. The MW of polymer chains from both (A and B) appears to be 

around 5000 Da. C) SEC chromatogram of FhuA ΔCVFtev–PNIPAAm conjugate before 

and after 6 times centrifugation to remove free polymer chains. The purification was 

continued till the signal from free PNIPAAm was reduced to zero. 

 

The BBTPs, because of very high molecular weight, could only be visualized by 

continuous gradient gel electrophoresis (4-15 %). The increased size due to the 

attachment of uncharged polymer chains hampers their movement into the gel, 

creating a distinct band characteristic of protein-polymer conjugates. This band 

was difficult to visualize using coomassie staining (Figure 7.8A), but silver staining 

(Figure 7.8B) clearly shows a non-distinct band starting from around the size of 

unmodified FhuA (approximately 79 kDa for FhuA WT and around 64 kDa for 

FhuA ΔCVFtev, FhuA ΔCVFtevK8
mid and FhuA ΔCVFtevK11

up) and extending up to 

much higher molecular weights. One possible explanation of more efficient 

staining by silver nitrate might be the fact that silver staining is more sensitive 

than coomassie staining, hence affording efficient staining even at lower protein 

concentrations. Additionally, silver nitrate has been known to stain just the 

boundary of the protein band, unlike the coomassie staining. These characteristic 

bands for the protein-polymer conjugates117, 222 proved that the polymer chains 

were covalently linked to FhuA (Figure 7.8B). It is worth noting that in addition to 

the extended band for conjugates, no unmodified protein is visible in any variant, 

meaning that the efficiency of initiation and polymerization is high. The smear 

seen at higher molecular weight is most likely FhuA-PNIPAAm with largest 
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polymer chain length, which sticks in the stacking gel and cannot smoothly 

migrate through the running gel (hence occurring at around the same position for 

all variants). 

 

                 

Figure 7.8: SDS-PAGE of FhuA WT and three FhuA variants: 1) FhuA, 2) FhuA MI and 

3) FhuA-PNIPAAm by A) coomassie and B) silver staining. The apparent molecular 

weight of the FhuA macroinitiators (MI) is slightly higher than unmodified FhuA, 

indicating attachment of several initiator units. The characteristic extended bands for the 

conjugates prove covalent attachment of polymer chains to FhuA. Silver staining was 

much more efficient at visualizing the BBTP, while coomassie was better for unmodified 

FhuA and FhuA MI. 

 

Analytical ultracentrifugation (AUC) is a sensitive technique used to analyze the 

sedimentation coefficient of nanoparticles, based on their rate of sedimentation 

under high centrifugal forces. The sedimentation coefficient of the particles can be 

used to distinguish between nanoparticles of different molar masses. The 

sedimentation coefficient s relates with the molecular weight by the function of 

M2/3.223 Unmodified FhuA ΔCVFtev has an already rather broad distribution of the 

sedimentation coefficient because of different amounts of the stabilizing agent 

around the hydrophobic region (Figure 7.9). The sedimentation coefficient of 

FhuA ΔCVFtev-PNIPAAm is shifted to higher values and has a much broader 

distribution as expected for a conjugate. This is in good agreement with the broad 

bands of the BBTPs observed in the SDS-PAGE compared to the unmodified 
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protein. AUC raw data were analyzed with a fitting procedure resulting in non-

diffusion-corrected distributions (g(s)). The increase in the sedimentation 

coefficient as well as the broader distribution indicates the successful formation of 

the BBTP with FhuA with covalently attached polymer chains. Compared to the 

evidence by SDS-PAGE, the analysis by AUC was provided under 

non-denaturing conditions. 

 

Figure 7.9: Sedimentation coefficients of unmodified FhuA ΔCVFtev (black) and 

FhuA ΔCVFtev-PNIPAAm (red) analyzed by AUC. The increase in the sedimentation 

coefficient and the broader distribution indicate an increase in molecular weight as a 

result of the attachment of polymer chains on FhuA ΔCVFtev. 

 

The thermo-responsivity of PNIPAAm additionally allowed us to track the size of 

the FhuA conjugates as a function of temperature by DLS. Above the LCST, 

PNIPAAm chains become hydrophobic and aggregate with other BBTP 

molecules, leading to an apparent increase in the size. This change is reversible 

and serves as an additional verification of successful polymerization and 

generation of BBTPs (Figure 7.10A). In addition to analyzing the formation of 

FhuA conjugates with SDS-PAGE, AUC and DLS, the folding of the 

transmembrane proteins in the BBTP was investigated by CD spectroscopy. 

CD spectroscopy is very sensitive to the presence of free PNIPAAm chains as 

PNIPAAm is highly absorbing in the UV and far UV region. Removal of all free 

PNIPAAm was critical to obtain spectra in the UV region. The obtained 

CD spectra follow the normal contour of a characteristic β-barrel protein having a 

single minimum around 215 nm, thus indicating that FhuA is correctly folded in 
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the formed conjugates (Figure 7.11). 

              

Figure 7.10: Temperature-responsivity of FhuA ΔCVFtev-PNIPAAm A). The size 

increases upon heating beyond the lower critical solution temperature of attached 

PNIPAAm chains, because the polymer chains get water insoluble and aggregate. B) 

Thermo-responsive behavior of free PNIPAAm in the presence of MPD buffer. 

 

       

Figure 7.11: CD spectra of unmodified FhuA, FhuA MI and FhuA-PNIPAAm of all the 

variants. All samples show a spectrum characteristic for β-barrel proteins, indicating that 

the formation of the MIs and the process of polymerization do not have a detrimental 

effect on the structure of the protein. 
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Hence, the BBTP could be synthesized without influencing the secondary structure of 

the transmembrane proteins. In addition to the mentioned characterization of the 

conjugates, they were also analyzed by transmission electron microscopy (TEM). Their 

TEM images, in comparison with those of unmodified FhuA, indicate a change in the 

morphology due to the modification (Figure 7.12). It is challenging to visualize proteins in 

general and membrane proteins in particular with transmission electron microscopy 

(TEM). Usually, an appropriate stain is required to generate a clear contrast. To the best 

of my knowledge, only two references show TEM images of negatively stained FhuA WT 

after extraction.224, 225 FhuA ΔCVFtev and FhuA ΔCVFtev-PNIPAAm after removal of free 

polymer chains were investigated by TEM using negative staining with uranyl acetate 

(Figure 7.12). Since FhuA is not stained by uranyl acetate, it appears as the white 

particles in the images. FhuA-PNIPAAm appears larger than FhuA and aggregated in 

chain-like structures, probably as a result of drying. Nonetheless, the increased size of 

the protein species can most likely be attributed to the attached polymer chains. The 

TEM images suggest a change in the morphology because of the modification. 

 

 

Figure 7.12: TEM images of A) unmodified FhuA ΔCVFtev and B) FhuA ΔCVFtev-

PNIPAAm. The larger FhuA-PNIPAAm chain-like structures indicate a successful growth 

by the attachment of polymer chains. 
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7.6.2. Conjugates with PNIPAAm-PDMMIBA and PDMAEMA  

 

In addition to BBTP with PNIPAAm, more BBTP were synthesized with UV-crosslinkable 

conomer DMMIBA for applications shown in chapter 9 and chapter 10; namely 

FhuA ΔCVFtev-PNIPAAm-PDMMIBA and FhuA ΔCVFtevK11
up-PNIPAAm-PDMMIBA. 

DMMIBA was used as the random co-monomer, so as to afford crosslinking ability to the 

resultant BBTP. Based on optimization experiments in Section 6.3, 5 mol % DMMIBA 

and 95 mol % PNIPAAm was used for the generation of crosslinkable polymer chains. 

The faded bands in the higher MW range of SDS-PAGE profile showed that the 

conjugates were successfully generated (Figure 7.13). 

 

 

   

Figure 7.13: SDS-PAGE of the conjugates with PNIPAAm and PDMAEMA.  

M: protein marker; Lane 1, 5: unmodified FhuA ΔCVFtev; Lane 2, 6: FhuA ΔCVFtev MI; 

Lane 3, 7: FhuA ΔCVFtev-PNIPAAm; Lane 4, 8: FhuA ΔCVFtev-PDMAEMA; Lane 9: 

FhuA ΔCVFtevK11
up-PNIPAAm-PDMMIBA; Lane 10: 

FhuA ΔCVFtev-PNIPAAm-PDMMIBA. The faded bands at the top of the stacking gel 

(lane 3, 4 and 7) prove that conjugates were successfully generated.  
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Additionally, BBTP were also synthesized with PDMAEMA, a dual stimuli-responsive 

polymer. BBTP with PDMAEMA showed responsivity to temperature as well as pH 

(Chapter 9). This responsivity was also shown to affect the macroscopic behavior of the 

self-assembled systems generated using these BBTP (Chapter 9). SDS-PAGE profiles 

of the BBTP also show the characteristic faded bands in the upper, high MW range 

(Figure 7.13). 

 

CD spectroscopy was used to monitor the stability of the secondary structure of the 

protein during the synthesis of the BBTP. Both PNIPAAm and PDMAEMA absorb in the 

far-UV region, and hence it was not possible to obtain data in the far-UV region. 

Nonetheless, the spectra show the characteristic single minima of FhuA ΔCVFtev around 

215 nm. Hence, two more BBTP with various polymers were generated (Figure 7.14). 

 

 

Figure 7.14: CD spectra of FhuA ΔCVFtev, its MI and conjugates. The data show that 

the secondary structure remains stable during the course of polymerization.  

 

7.7. Summary 

 

In this chapter, the successful generation of various BBTP was demonstrated. 

Four different variants and three different polymers were used to generate these 
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BBTP. To the best of my knowledge, this is the first report on grafting a polymer 

from a transmembrane protein. The four genetic variants were – naturally 

occuring FhuA WT, the open channel FhuA ΔCVFtev and two FhuA variants 

(FhuA ΔCVFtevK8
mid and FhuA ΔCVFtevK11

up) which were genetically reengineered 

to be more efficient in CRP at defined sites. Small amphiphatic compound MPD 

was chosen to keep FhuA and the variants soluble and correctly folded in 

aqueous environment as well as avoid interference with characterization 

techniques such as AUC and TEM. The grafting-from positions of lysines within 

FhuA variants were chosen to be solely outside of the β-barrel and in a plane 

perpendicular to the axis of the channel in the variants FhuA ΔCVFtevK8
mid and 

FhuA ΔCVFtevK11
up. The latter minimizes the risk of polymerizations within the ß-

barrel pore. Notably, the lysines are positioned entirely above the hydrophobic 

region so that their functionalization does not disturb the stabilizing agent, MPD. 

More importantly, this arrangement of lysines minimizes the steric hindrance by 

the stabilizing agent to the linkage of initiator units or the addition of monomer 

units. 

FhuA macroinitiators were formed by reacting the protein and the variants with a 

water-soluble functional CRP initiator. The conjugates were generated by 

grafting-from polymerization based on Cu-mediated CRP conditions, with the 

catalyst system CuBr/Me6TREN which can be classified as SARA ATRP or 

SET-LRP. The polymers grafted were PNIPAAm, PDMAEMA and a random 

copolymer of NIPAAm and DMMIBA, a UV-crosslinkable monomer. CD 

spectroscopy validated that the secondary structure was not influenced during 

both the reaction steps for any of the conjugates. 

The study presented in this chapter engendered the building blocks for the 

stimuli-responsive and ultra-thin macrostructures prepared in Chapter 9 and Chapter 

10. These BBTP could have many potential applications in the healthcare, bio-catalysis 

and separation industries. 
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8 Conjugates of enzymes 

The idea for the project and the enzymes used for the study shown in this chapter came 

from our collaboration partners, Dr. Changzhu Wu and Zhiyong Sun at the Technische 

Universität Dresden. 

 

8.1. Introduction 

 

Despite a lot of potential for using enzymes in organic synthesis, bio-catalysis struggles 

with the stability of enzymes (see Section 4.5 for more detailed explanation). 

Immobilization and conjugation with synthetic polymers often improve pH and 

temperature resistance of the enzymes, and sometimes augment their reaction 

specificity,130-133 hence making them more efficient and more usable for applications in 

organic synthesis. Recently, Huang et al. reported the synthesis of conjugates of three 

enzymes, glucose amylase, glucose oxidase (GOx) and horseradish peroxidase (HRP) 

with PNIPAAm. These conjugates were used for the generation of micro-compartments 

by self-assembly at oil-water interface and consecutive crosslinking to generate a stable 

system.179 After replacement of the oil phase with a continuous water phase inside and 

outside the micro-compartments, they could be used for cascade reactions, although 

with reduced rate of reaction. The authors attributed the limited accessibility of the active 

center after crosslinking as one of the primary causes of this reduction in reaction rate. 

One possible way to eliminate such problems could be to use a non-crosslinked system. 

Pickering emulsions generated by industrially relevant enzymes could be used for 

catalyzing the reactions at the interface of polar-apolar media. To test this notion, three 

enzymes with potential/current industrial relevance, namely Candida antarctica lipase B 

(CalB),226 benzaldehyde lyase (BAL)227 and GOx228 were employed for generation of 

conjugates with PNIPAAm, and Pickering emulsions generated from them. Using 

conjugates of the enzymes, instead of the unmodified enzymes provide two benefits: 1) 

The surface activity of a conjugate is known to be significantly higher than that of the 

unmodified protein (in this case enzyme),105, 181 and 2) attaching polymer chains to 

enzymes can have stabilizing effect on the enzyme (see Section 4.2.2). In this chapter, I 

report the synthesis and characterization of the enzyme macroinitiators and 
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enzyme-PNIPAAm conjugates. The optimized conditions of Chapter 6 were also used 

for the generation of macroinitiators from enzymes and then, the polymerizations were 

carried out in PBS pH 7.4. Analysis was carried out using MALDI ToF MS and 

SDS-PAGE. 

 

8.2. Preparation and characterization 

 

8.2.1. Materials 

 

All chemicals used were of analytical reagent grade or higher quality, purchased from 

Applichem (Darmstadt, Germany), Alfa Aesar (Karlsruhe, Germany) or Sigma-Aldrich 

Chemie (Taufkirchen, Germany), if not stated otherwise. N-2-bromo-2-methylpropanoyl-

β-alanine N‟-oxysuccinimide ester (functional CRP initiator) was synthesized according 

to reference.164 NIPAAm was purified by two successive recrystallizations from a mixture 

of n-hexane and benzene (4:1 v:v). CuBr was purified by stirring in acetic acid overnight. 

After filtration, it was washed successively with ethanol and diethylether and then dried 

in vacuum. The enzymes, CalB, BAL and GOx, were provided in the lyophilized form by 

our collaboration partners. Required amount of the enzyme was dissolved in 

PBS pH 7.4 and dialyzed one time (against PBS pH 7.4 using dialysis membrane with a 

MWCO of 12-14 kDa for 24 h) to obtain aqueous solution of the respective enzyme at a 

final concentration of 4-5 mg/ml. The concentration was measured using the BCA assay 

kit supplied by Thermo-Fischer scientific. 

 

Formation of enzyme macroinitiator (Enzyme MI): pH of the respective 

enzyme solution was first increased from pH 7.4 to pH 9.0. To do that, two times 

dialysis was performed (against PBS pH 9.0 using dialysis membrane with a 

MWCO of 12-14 kDa for 24 h). Then, 25 equivalents of N-2-bromo-2-

methylpropanoyl-β-alanine N’-oxysuccinimide ester per lysine residue of the 

respective enzyme was added to the enzyme solution at around 4 mg/ml. The 

reaction was allowed to proceed for 12 h on a shaking platform at 12 °C, 12 °C 

                                            
 Experiments regarding emulsion generation and determination of enzyme activity were carried out by 
our collaboration partners. 
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and 4 °C for CalB, GOx and BAL respectively. Afterwards, the solution was 

dialyzed twice (against PBS pH 7.4 using dialysis membrane with a MWCO of 12-

14 kDa for 24 h) at RT, RT and 4 °C for CalB, GOx and BAL respectively and 

stored at 4 °C before being polymerized. The concentrations of the purified 

samples were estimated using BCA assay kit provided by Thermo-Fischer 

scientific. 

 

Polymerization from enzyme MI: NIPAAm was added to the respective 

enzyme MI solution and deoxygenated by purging with nitrogen for 30 min while 

cooling it in an ice bath. Simultaneously, a solution of CuBr and Me6TREN in 

1 ml Millipore water was degassed likewise. The monomer/(macro)initiator 

solution was then transferred to the catalyst solution via cannula transfer. The 

typical final ratio of components for the reaction was initiator (enzyme MI) : 

monomer : CuBr : Me6TREN = 1 : 200 : 13 : 19. The amount of monomer was 

varied (20, 50, 100 or 200 repeat units), keeping the catalyst concentration the 

same. The reaction was allowed to proceed for 12 h, initially at 0 °C and gradually 

rising to room temperature as the ice melted after about 2 h. The obtained 

products were purified first by two times dialysis (against MPD buffer using 

dialysis membrane with a MWCO of 12-14 kDa for 24 h) at RT, RT and 4 °C for 

CalB, GOx and BAL respectively. Finally, the sample was collected and stored at 

4 °C until further characterization. The concentration of the purified sample was 

estimated using BCA assay kit provided by Thermo-Fischer scientific. 

 

8.2.2. Characterization techniques 

 

MALDI-ToF mass spectrometry: Spectra were acquired using a 337 nm laser Bruker 

microflex MALDI-ToF mass spectrometer (Bruker, Bremen, Germany) with pulsed ion 

extraction. The masses were determined in positive ion linear mode. The masses were 

determined in positive ion linear mode. The sample solutions were applied on a ground 

steel target using the dried droplet technique. ZipTipC4 pipette tips (Millipore, 

Darmstadt, Germany) were used. Super-DHB, a 9:1 mixture of 2,5 dihydroxybenzoic 

acid (DHB) and 2-hydroxy-5-methoxybenzoic acid, was used as matrix substance in a 
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50 mg/ml solution in Millipore water:acetonitrile 1:1 with 0.1 % trifluoroacetic acid. Mass 

calibration was performed with external calibration. 

 

SDS-PAGE: Enzymes and conjugates were analyzed on a 4-15 % gradient 

polyacrylamide gel (90 V, ca. 2.5 h, Mini-PROTEAN® Electrophoresis System-Bio-Rad, 

München, Germany). Samples were prepared by denaturing the protein using 

2-mercaptoethanol at 65 °C for 3 min. Then, 8 µl of each sample was loaded onto the 

gel. Silver and/or coomassie staining were used to resolve the gel. The staining 

protocols are described in Section 6.2.2 in detail. 

 

8.3. Conjugates of Candida antarctica lipase B 

 

Candida antarctica lipase B (CalB), is a monomeric enzyme naturally found in the yeast 

Candida antarctica. It has been used for preparation of amides, chemoselective, 

regioselective and stereoselective syntheses, kinetic resolution of amines and 

desymmetrization of prochiral glutarates.226 Consecutively, it has found many 

applications as a catalyst in generation of optically active compounds like alcohols and 

amines.226 It has a molecular weight of 33 kDa226 and consists of 19 lysine groups per 

protein (Figure 8.1). A Pickering emulsion stabilized by CalB might be used for 

catalyzing reactions in both, the organic as well as the water phase.  

 

Figure 8.1: The crystal structure of CalB (PDB ID: 3VEO). The lysine residues are 

shown in red. CalB has 19 lysine residues per enzyme. 
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As shown in Scheme 8.1, first, the approach was to attach a CRP initiator to the lysine 

residues generating CalB macroinitiator (MI) and then the polymer grafted from the MI 

via grafting-from polymerization. The conditions for making the MI were similar to those 

used for BSA and FhuA. MALDI-ToF mass spectra revealed very limited modification 

(Figure 8.2). Consecutively, the SDS-PAGE of the conjugates synthesized from this 

batch of macroinitiator indicated minimal amount of generated conjugate (Figure 8.3). As 

evident, even though, a little bit of CalB-PNIPAAm conjugate could be seen in the 

SDS-PAGE (Figure 8.3), a lot of unreacted CalB or CalB MI was also visible.  

 

Scheme 8.1: Scheme of modification of CalB using NHS coupling and grafting-from 

polymerization. 

 

 

Figure 8.2: MALDI-ToF mass spectra of CalB and CalB MI. The efficiency of 

modification was very low, indicating nearly no attachment of the initiator. 
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Figure 8.3: SDS-PAGE of CalB, CalB MI and CalB-PNIPAAm conjugate with silver 

staining. Lane 1: CalB, lane 2: CalB MI, lane 3: CalB-PNIPAAm. Although a little bit of 

CalB-PNIPAAm can be seen in lane 3, the amount is much less as compared to the 

unreacted CalB or CalB MI. 

 

Since CalB is a lipase, one possible reason for the low macroinitiator formation could be 

the cleavage of the ester bond in the NHS ester of the functional CRP initiator before 

being linked to a lysine residue. This would in turn render it ineffective in modifying the 

enzyme, and no macroinitiator would be generated. When there is no macroinitiator, no 

conjugate can be generated. The macroinitiator formation was also attempted using the 

traditional EDC coupling208 (Scheme 8.2) with the in situ generation of a water soluble 

NHS ester and its consequent reaction with the enzyme. The hope was that the in situ 

generated ester may have a higher reactivity towards the lysine residues as compared 

to the lysis by the enzyme. However, this also did not result in attachment of the initiator 

to the lysine residues of the enzyme, evidenced by nearly no increase in mass in the 

MALDI-ToF MS spectra in Figure 8.4. SDS-PAGE (data not shown) also agreed with this 

inference. Minimal amount of macroinitiator was visible in comparison to unreacted 

CalB. To solve this problem, instead of NHS coupling, another one of popular linking 

chemistries such as cysteine-maleimide coupling or diazonium coupling at the tyrosine 
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residues could be used.45 However, since it does not fit to the primary aim of this thesis, 

this direction was not pursued. 

 

 

Scheme 8.2: Synthesis of CalB MI by EDC coupling route with the in situ generation of 

initiator-NHS ester. 

 

 

Figure 8.4: MALDI-ToF mass spectra of CalB and CalB MI by EDC coupling route. The 

efficiency of modification was still very low, indicated by nearly no attachment of the 

initiator. 
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8.4. Conjugates of benzaldehyde lyase 

 

Benzaldehyde lyase (BAL) is a homotetrameric enzyme, with each subunit having a 

molecular weight of 58,919 Da.227 It catalyzes the cleavage and formation of 

R-Benzoin.227 Each subunit has 11 lysine residues (see Figure 8.5). Since the four 

subunits of the enzyme are only held together in association by non-covalent 

interactions, it is sensitive to vigorous reaction conditions, such as high temperature, pH 

and mechanical stress. Accordingly, care was taken to expose the enzyme to as little 

vigorous conditions as possible, during the whole modification procedure. Hence, the 

modification to make the macroinitiator, the polymerization reaction and the dialyses 

were conducted in the refrigerator at 4 °C. The buffers for dialyses were pre-cooled to 

4 °C. Very mild stirring was used for modifications and the samples were always stored 

at 4 °C. 

 

 

Figure 8.5: The crystal structure of tetrameric BAL (PDB ID – 2ag0). The lysine residues 

are shown in red. Each subunit of the four has 11 lysine residues. 
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The protocol shown in Scheme 8.3 was employed to first generate BAL MI and 

consecutively grafting-from polymerization carried out without the use of any sacrificial 

initiator. 

 

Scheme 8.3: Scheme of modification of BAL using NHS coupling and grafting-from 

polymerization. 

 

MALDI-ToF MS spectra (Figure 8.6) show an increase of ca. 1800 Da in the mass of the 

BAL subunit upon conversion to macroinitiator. This mass divided by the mass of one 

initiator unit, 220 Da, indicates that out of a total of 11 lysines per subunit, nearly 8-9 

lysines were modified with the initiator. Afterwards, the macroinitiator was used for the 

generation of conjugates with PNIPAAm using grafting-from CRP with CuBr and 

Me6TREN as the catalyst system.  

                 

Figure 8.6: MALDI-ToF mass spectra of BAL and BAL MI. The efficiency of modification 

was high indicated by nearly 8-9 initiator units attached to each subunit. 
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The conditions optimized in Chapter 6 were employed to grow PNIPAAm chains from 

the enzyme. SDS-PAGE profile (Figure 8.7) shows that the BAL, and consecutively BAL 

MI, was with small amounts of contaminant proteins (seen as bands with larger MW in 

lane 1/4 and 2/5). Furthermore, the faded band (lane 3) proved that the polymer chains 

were indeed covalently linked to the protein. 

 

Figure 8.7: SDS-PAGE of BAL (lane 1/4), BAL MI (lane 2/5) and BAL-PNIPAAM (lane 

3/6) conjugates with silver (left) and coomassie (right) staining. Lane 3 clearly shows the 

formation of BAL-PNIPAAm conjugates. 

 

Conjugates with varying polymer chain lengths were also synthesized. With expected 

degree of polymerization (DP) of 50, 100 and 200, conjugates were generated and 

characterized. The faded band of the conjugates in SDS-PAGE profiles (Figure 8.8) of 

BAL-PNIPAAm conjugates with a DP of 200 (lane 7) was in the higher MW region of the 

gel. While it was not possible to quantify the change of MW based on the faded bands, it 

does prove that at higher DP (200), the conjugates have lower electrophoretic mobility 

than at lower DP (50 or 100). This observation may be attributed to the increased 

resistance to the conjugate as a result of longer polymer chains attached to the enzyme. 
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Figure 8.8: Comparison of BAL-PNIPAAm with different degree of polymerizations (DP) 

with silver (left) and coomassie (right) staining. Lane 1: BAL MI; lane 2/5: 

BAL-PNIPAAm, DP 50; lane 3, 6: BAL-PNIPAAm, DP 100; lane 4, 7: BAL-PNIPAAm, 

DP 200. 

 

8.5. Conjugates of glucose oxidase 

 

Glucose oxidase (GOx) is a dimeric enzyme which is produced naturally in some fungi 

and insects where its catalytic product, hydrogen peroxide, acts as an anti-bacterial and 

anti-fungal agent.228 GOx catalyzes the oxidation of beta-D-glucose to D-gluconolactone 

and hydrogen peroxide. Each subunit, having a molecular weight of 77 kDa (PDB ID – 

3qvr), contains 15 lysine residues (Figure 8.9). Of the three enzymes being discussed 

here, GOx has found most industrial applications ranging from an additive in food 

processing and oxygen scavenger in food preservation on one hand to glucose 

sensor/assay and in gluconic acid production.228 Assembling GOx at the interface of oil-

water might be an interesting proposition to assess its catalyzing skills in organic as well 

as aqueous media. 
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Figure 8.9: Crystal structure of one subunit of glucose oxidase (PDB ID – 3qvr). The 

lysine residues are shown in red. Each subunit contains 15 lysine residues. 

 

GOx was reacted with a functional CRP initiator to give GOx MI, as shown in 

Scheme 8.4. The optimized reaction conditions from Chapter 6 were used. 

Consecutively, grafting-from CRP was carried out from GOx MI using CuBr and 

Me6TREN as the catalyst system in PBS pH 7.4 to give GOx-PNIPAAm conjugates. 

 

 

Scheme 8.4: Scheme of modification of GOx using NHS coupling and grafting-from 

polymerization. 

 

Comparison of MALDI-ToF mass spectra of subunits of GOx and GOx MI show that the 

modification was successful (Figure 8.10). A molecular weight difference of ca. 1600 Da 

indicates that nearly 7-8 lysines out of 15 were modified with the CRP initiator. Hence, 

the number of solvent accessible and modifiable lysines on GOx may be estimated to be 

7-8. 
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Figure 8.10: MALDI-ToF mass spectra of GOx and GOx MI. The efficiency of 

modification was high indicated by nearly 7-8 initiator units attached to each subunit. 

 

GOx-PNIPAAm conjugates were synthesized with different degrees of polymerization 

(DP) – 20, 50, 100, 200. SDS-PAGE profiles (Figure 8.11) prove that for DP of 20, 

although conjugates were generated (faded band at higher MW), the conjugation was 

not complete. There was unmodified GOx MI in the sample (lane 3/9) of conjugates. For 

DP 50 and above, there was no unreacted GOx MI visible. This indicated conversion of 

all the GOx MI to GOx-PNIPAAm. The profiles also indicate increasing MW range when 

going from DP of 50 to 100/200. Hence, increasing the monomer content showed an 

increase in MW of the resultant conjugate, as expected. However, this difference is not 

quantifiable. Perhaps, other analytical techniques such as AUC or field flow fractionation 

might be employed to better characterize and compare these conjugates.  
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Figure 8.11: SDS-PAGE of GOx, GOx MI and GOx-PNIPAAm with different degree of 

polymerizations analyzed by silver (left) and coomassie (right) staining. Lane 1, 7: GOx; 

lane 2, 8: GOx MI; lane 3, 9: GOx-PNIPAAm, DP 20; lane 4, 10: GOx-PNIPAAm, DP 50; 

lane 5, 11: GOx-PNIPAAm, DP 100; lane 6, 12: GOx-PNIPAAm, DP 200. 

 

8.6. Summary and outlook 

 

In conclusion, conjugates of three enzymes with potential/current industrial relevance, 

namely Candida antarctica lipase B, benzaldehyde lyase and glucose oxidase with 

PNIPAAm were generated. The enzymes were first converted to macroinitiator (MI) by 

targeting their lysine residues with a functional CRP initiator. MI formation was proved by 

analyzing the MALDI-ToF MS spectra of unmodified enzyme and the enzyme MI. While 

CalB could not be modified using NHS chemistry, 8-9 lysine residues on BAL and 7-8 

lysine residues on GOx were modified with the CRP initiator. CalB, being a lipase, 

probably inactivates the NHS ester by cleaving the ester bond and hence no initiator can 

be attached to the enzyme. Conjugates of BAL and GOx with PNIPAAm were 

successfully generated using copper-mediated CRP and analyzed using SDS-PAGE. 

These samples were then sent over to our collaboration partners for analyzing the 

post-modification activity of the enzymes, Pickering emulsion generation (similar to 

those reported in Chapter 9 for FhuA) and further tests. 
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9 From nano-sized building blocks to 

micro-structures 

 

9.1. Introduction 

 

After successfully generating conjugates of FhuA or the building blocks based on 

transmembrane proteins (BBTP), described in Chapter 7, the next task was to 

understand the characteristics of these building blocks and generate higher order 

structures from them. This chapter focuses on the properties of the BBTP, specifically 

the conjugates of PDMAEMA, PNIPAAm and PNIPAAm/PDMMIBA with FhuA ΔCVFtev 

(chosen as a model FhuA variant). Their temperature- and pH-responsivity as well as 

interfacial activity were investigated. Consecutively, because of high interfacial activity, 

formation of highly stable Pickering emulsions (from self-assembled BBTP) was 

demonstrated. Finally, the generation of stable micro-compartments as a result of 

crosslinked polymer chains was also shown. 

 

9.2. Preparation and characterization 

 

9.2.1. Materials  

 

All chemicals were of analytical grade or higher and obtained from Sigma Aldrich, unless 

otherwise stated. Conjugates were synthesized as detailed in Chapter 7. 

 

9.2.2. Emulsion formation 

 

1 ml of the respective conjugate solution was taken at a concentration of 1.4 mg/ml and 

100 µl of trifluorotoluene (with 0.1 mg/ml Nile red) was added to it. Then it was shaken 

with hand for 1 min to generate the emulsion. For making the hollow capsules, 

FhuA ΔCVFtev-PNIPAAm-PDMMIBA was used to create emulsion as mentioned above 
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and then exposed to UV (Panacol UV-F 400F, 450 W) at RT for 30 min. For checking 

their stability, 50 % to 90 % ethanol (final concentration) was added to the emulsion. 

 

9.2.3. Characterization techniques 

 

UV Visible spectroscopy: UV-Vis measurements were performed for a 125 µl sample 

at 1 mg/ml on an Agilent Cary 5000 device equipped with a Varian Peltier-controlled 

temperature stage. The absorbance was measured at 600 nm, while varying the 

temperature at the rate of 1 °C/min. An average of 30 values was taken as the final 

value for absorption as well as temperature. For performing the pH dependent 

measurements, respective solution was dialyzed against buffer of desired pH and the 

measurement carried out as explained above. For pH 6 MES buffer, for pH 7/8 PBS 

buffer and for pH 8.5/9 Tris buffer at 10 mM concentration were used. The absorption of 

2 and above was tapped at 2 and normalized from (0, 1). 

 

Pendant drop tensiometry: Tensiometry measurements were performed on a 

Dataphysics OCA 15 EC device equipped with a CCD video camera having a resolution 

of 752 x 582 pixels. Interfacial tension was estimated by fitting Young Laplace equation 

to the image of the droplet in inverted view. The droplet was of respective protein 

solution or buffer and the ambient phase was perfluorodecalin. Dynamic tracking was 

used to collect data every two seconds for a droplet of volume 10 µl and the resulting 

value of interfacial tension plotted against time. 

 

Fluorescence microscopy: The measurements were performed on a Leica DMi8 

device using a RHOD filter (Excitation wavelength range 541 nm to 551 nm, cutoff 

wavelength 560 nm and emission wavelength range 565 nm to 605 nm). 20 µl of 

respective sample was dropped on a clean glass slide and directly measured. 40 µl 

ethanol was added to estimate the effect of ethanol on the stability of the capsules. 

 

Cryo-SEM: The measurements were performed on a Jeol 6330F instrument, operating 

at 5 kV and 12 µA of current. Samples were frozen with liquid nitrogen and sublimated 
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3 min at -75 °C to expose the sample structure. Samples were sputtered with platinum 

(4 nm) to avoid charges and immediately measured. 

 

Scanning force microscopy: The measurements were performed on a Bruker 

Dimension FastScan instrument (Bruker, Bremen, Germany). Silicon tip on a Silicon 

Nitride cantilever [Fastscan-A probe with a force constant of 18 N/m (f0 = 1400 kHz)] 

were used for tapping mode measurements in air at a scan rate of 0.506 Hz and 512 

samples/line. Emulsions were first washed with ample Millipore water (by adding the 

water, then shaking and allowing the emulsion to settle down and finally decanting the 

top; repeated 3 times) to remove the salts and unreacted conjugate and then 20 µl of the 

crosslinked emulsion droplets put on ethanol-cleaned silicon wafer and allowed to dry 

overnight before the measurement. 

 

9.3. Behavior of the BBTP 

 

9.3.1. Thermo- and pH-responsivity of the BBTP 

 

FhuA ΔCVFtev-PNIPAAm and FhuA ΔCVFtev-PDMAEMA were analyzed for their 

thermo-responsivity by monitoring the absorbance of visible light at 600 nm while 

varying the temperature from 26 °C to 90 °C (Figure 9.1). The wavelength of 600 nm 

was chosen owing to the absence of any specific absorption at this wavelength as well 

as its frequent use in literature.229-231 BBTP with PNIPAAm showed a sharp lower critical 

solution temperature (LCST) around 33 °C, similar to PNIPAAm as well as for 

protein-PNIPAAm conjugates.116 Since PDMAEMA shows responsivity to pH as well as 

temperature,103 the BBTP with PDMAEMA were additionally tested at different pH to 

also check the effect of pH on the thermo-responsive behavior of the BBTP. The BBTP 

with PDMAEMA at pH 6 and pH 7 showed no thermo-responsive behavior. However, at 

pH 8, a cloud point of 84 °C was recorded (estimated by the intersection point of the two 

tangents as reported in literature103). Relatively small change in the pH from pH 8 to 

pH 8.5 resulted in a drastic shift in the cloud point to 57 °C. Similarly, a substantially 

lower, and more abrupt, transition was observed for pH 9.0 at 34 °C. These findings can 
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be attributed to the deprotonation of the amine groups under alkaline conditions and 

correspond to the experimental behavior observed for PDMAEMA alone.103 These data 

for the BBTP with PNIPAAm and BBTP with PDMAEMA understandably imply that the 

thermo- and pH-responsive behavior of the BBTP are strongly influenced by the 

properties of the polymer. However, above 65 °C, the cloud point might also be 

significantly affected by the possibly irreversible changes to the secondary structure of 

FhuA due to its limited stability in that temperature regime.232, 233 

 

Figure 9.1: Absorption of the BBTP at 600 nm measured by temperature-dependent 

UV-Vis spectroscopy. FhuA ΔCVFtev-PNIPAAm (A) showing a LCST of around 33 °C 

and FhuA ΔCVFtev-PDMAEMA (B) showing a decrease in the LCST upon increase in 

the pH of the solution. Arrow is added as a guide to show the trend. 

 

9.3.2. Interfacial activity of the BBTP 

 

Pendant drop tensiometry, considered to be amongst the simplest, yet the most robust 

techniques to measure interfacial tension has been employed for accessing the 

interfacial activity of various biomacromolecules.234 Dynamic interfacial tension 

experiments were carried out with unmodified FhuA ΔCVFtev, FhuA ΔCVFtev-PNIPAAm 

and FhuA ΔCVFtev-PDMAEMA conjugates in order to understand the dynamics of 

stabilization of oil-water interface by the unmodified protein as well as BBTP. 

Perfluorodecalin (PFD) was kept as the ambient oil phase owing to its chemical and 
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biological resistance and much higher density as compared to water. As shown in the 

reference,181 a high stabilization behavior by protein-polymer conjugates was also 

observed for semi-fluorinated, aromatic as well as linear hydrocarbon oil phase. MPD 

buffer by itself showed a little interfacial activity (Figure 9.2A). This was expected in light 

of the fact that MPD is a small amphipathic diol, whose primary purpose is to stabilize 

the transmembrane hydrophobic region of FhuA ΔCVFtev. Unmodified FhuA ΔCVFtev 

showed substantially higher interfacial activity than MPD buffer (Figure 9.2A). Within 

2000 seconds, in the presence of the unmodified protein (c = 5   10-3 mg/ml), the 

interfacial tension dropped to 27 mN/m. At higher concentrations, the reduction in the 

interfacial tension was too fast; resulting in the fall of the droplet within a few seconds 

and the measurement could not be continued. Interestingly, the interfacial activity of 

FhuA ΔCVFtev is substantially higher than for previously studied globular proteins like 

ferritin, ß-casein, lysozyme and hydrophobin under respective concentration of the 

protein.181, 235-238 Owing to its inherent amphiphilicity as a result of being a 

transmembrane protein, the higher tendency of FhuA ΔCVFtev to go to the water-oil 

interface, in comparison to the soluble globular proteins, was the anticipated behavior. 

However, it is interesting that the dynamics are even faster than for an amphiphilic 

protein like hydrophobin, which is well-known for its interfacial activity.235, 236, 239 

 

The interfacial tension measurements of BBTP with PNIPAAm showed faster dynamics 

of interfacial stabilization as compared to the unmodified FhuA ΔCVFtev (Figure 9.2B). 

Although, the final value of the interfacial tension was nearly the same for BBTP as well 

as the unmodified FhuA ΔCVFtev (~27 mN/m), the dynamics of stabilization are certainly 

much faster with BBTP. For instance, at a concentration of 5   10-3 mg/ml, the time 

required to reach the stable value of 27 mN/m was 260 seconds for 

FhuA ΔCVFtev-PNIPAAm as compared to 2000 seconds of unmodified FhuA ΔCVFtev at 

the same concentration and pH. 

 

BBTP of FhuA ΔCVFtev-PDMAEMA showed even faster interfacial stabilization than the 

unmodified FhuA ΔCVFtev as well as FhuA ΔCVFtev-PNIPAAm (Figure 9.2C). For 

instance, at a concentration of 5   10-3 mg/ml, the stable value of ~27 mN/m was 

reached already within 200 seconds for FhuA ΔCVFtev-PDMAEMA as compared to 
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nearly 2000 seconds for unmodified FhuA ΔCVFtev and 260 seconds for 

FhuA ΔCVFtev-PNIPAAm at the same concentration. That is nearly 10 times faster as 

compared to unmodified FhuA ΔCVFtev and 1.3 times faster than 

FhuA ΔCVFtev-PNIPAAm. Additionally, it was possible to go down to 1   10-6 mg/ml, and 

still the BBTP were substantially more interfacially active than the MPD buffer. 

 

Since, PDMAEMA also shows pH-responsivity, BBTP with PDMAEMA were additionally 

tested at pH 10 (Figure 9.2D) in order to check the effects of pH on the interfacial activity 

of the BBTP. Remarkably, the dynamics of the interfacial stabilization were sped up 

substantially. For instance, at the concentration of 5   10-3 mg/ml, the droplet was 

stabilized to the value of 27 mN/m within 65 seconds at pH 10, as compared to 

200 seconds at pH 7.4. That is, the speed of interfacial stabilization is increased by 

more than two times of its initial value. This result is important as it gives us an in situ 

handle to tune the interfacial activity, the solubility of the BBTP as well as the final 

structures generated from the BBTP, simply by changing the pH of the water phase. 

This drastic change can be attributed to the well documented hydrophobicity of 

PDMAEMA chains as a result of complete deprotonation at higher pH.103, 240 Hence, at 

pH 10, the PDMAEMA chains of the BBTP are hydrophobic and as a result, BBTP show 

a higher tendency to stabilize the oil/water interface as compared to pH 7.4. 

Interestingly, the MPD buffer also showed slight interfacial activity at elevated pH. 

 

These results show that the attached polymer chains make the BBTP more interfacially 

active by at least one order of magnitude vis-à-vis the unmodified transmembrane 

protein. Free polymers like PNIPAAm have already been shown to be interfacially active 

and conjugates even more so.181 It was not surprising to observe that the choice of 

polymer influences the interfacial behavior of the resulting conjugates. 
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Figure 9.2: Interfacial tension with respect to time for A) unmodified FhuA ΔCVFtev, B) 

FhuA ΔCVFtev-PNIPAAm, C) FhuA ΔCVFtev-PDMAEMA at pH 7.4 and D) 

FhuA ΔCVFtev-PDMAEMA at pH 10. All the conjugates show faster interfacial 

stabilization as compared to unmodified FhuA ΔCVFtev. 

 

9.4. Emulsions and micro-compartments 

 

Pickering emulsions stabilized by BBTP were generated by adding Nile red dissolved in 

PFD to the respective BBTP solution and shaking with hand for a minute. The resulting 

oil in water (o/w) emulsions were consecutively characterized. Owing to their fast 

interfacial dynamics, it was expected that the conjugates would be able to stabilize the 

oil/water interface, and hence rendering the resulting emulsions more stable. That was 

indeed the case as the emulsions stabilized from FhuA ΔCVFtev-PDMAEMA displayed 
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exceptional long-term stability (Figure 9.4A). Immediately after formation of the 

emulsion, there was a distribution of large and small droplets (Figure 9.4B). Under the 

effect of gravity, the larger droplets settled after a day, resulting in a more uniform 

emulsion, which stayed stable for well over 40 days (Figure 9.4C). 

 

 

Figure 9.3: Scheme of various BBTP of FhuA ΔCVFtev used in this chapter. The 

generated BBTP were utilized for stabilization of Pickering emulsions, owing to their high 

interfacial activity. 

 

In section 7.6, it was demonstrated by circular dichroism (CD) spectroscopy that the 

secondary structure of the protein remains intact under the used polymerization 

conditions. Unfortunately, CD spectroscopy wasn‟t suitable for estimating the stability of 

FhuA at oil-water interface due to excessive scattering by the larger emulsion droplets 

(data not shown). However, being a transmembrane protein, FhuA embedded in its 

natural lipid bilayer environment is always at the interface of hydrophilic and 

hydrophobic environments. Moreover, it has been previously reported that site-specific 

attachment of polymer chains to a protein may improve its stability.241-243 In light of all 

these arguments, it can be expected that the structure of FhuA remains stable at the 

oil/water interface. Furthermore, owing to this intrinsically well-defined 

hydrophobic/hydrophilic structure of FhuA, the orientation of conjugates shown in 

Figure 9.3 is the most likely one, whereby, the hydrophobic part of the protein is 
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expected to go into the apolar phase, while the hydrophilic barrel and loops remain in 

the water phase. 

 

Emulsions stabilized by FhuA ΔCVFtev-PNIPAAm conjugates were visibly less stable 

and larger in droplet size than those stabilized by FhuA ΔCVFtev-PDMAEMA (Figure 

9.4A and Figure 9.5). Cryo-SEM images (Figure 9.6) show the morphology of frozen 

emulsion droplets generated from both FhuA ΔCVFtev-PDMAEMA and 

FhuA ΔCVFtev-PNIPAAm. The hollow capsules seen in the Figure 9.6 were a result of 

breaking of a frozen droplet, allowing the measurement of the thickness of the stabilizing 

layer. The thickness of the BBTP layer stabilizing the emulsion was estimated by using 

ImageJ. This was roughly 18 nm for non-crosslinked FhuA ΔCVFtev-PNIPAAm and 

roughly 38 nm for non-crosslinked FhuA ΔCVFtev-PDMAEMA. It is also interesting to 

observe that these results are in tune with the results of interfacial activity, i.e. for same 

concentration of conjugate solutions used, the thickness of stabilizing layer was more for  

 

Figure 9.4: A) Visual inspection of emulsions with Nile red in trifluorotoluene as the oil 

phase with FhuA ΔCVFtev-PDMAEMA solution as the water phase (left) and MPD buffer 

as the water phase (right) after different times. B) and C) Bright field (left) and 

fluorescence (right) microscopy images of emulsions stabilized by 

FhuA ΔCVFtev-PDMAEMA immediately after creation (B) and 40 days after creation (C). 

The bigger emulsion droplets settle down after a day as a result of being heavier, 

resulting in a rather more uniform (and smaller) droplet size (C). Scale bar for all images 

is 100 µm. 
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emulsions stabilized by FhuA ΔCVFtev-PDMAEMA. Likewise, the emulsions made from 

FhuA ΔCVFtev-PDMAEMA were visibly more stable than those from 

FhuA ΔCVFtev-PNIPAAm immediately upon creation (Figure 9.5), as well as in the 

long-term (Figure 9.4A). That means apparently innocuous differences in the dynamic 

interfacial activity have a direct and significant consequence on the properties of the 

resulting emulsions, such as their long-term stability. This also means that by reducing 

the concentration of FhuA ΔCVFtev-PDMAEMA, we might get even thinner stabilizing 

layers of conjugates, all the while producing stable emulsions. 

 

In order to generate capsules from the BBTP stabilized emulsion droplets, 

FhuA ΔCVFtev-PNIPAAm conjugates synthesized with DMMIBA (Section 7.7), was used 

for the generation of a Pickering emulsion and exposed to UV for crosslinking the 

polymer chains, resulting in capsules with the oil phase inside. Figure 9.7A shows the 

scanning force microscopy image of a dried crosslinked micro-compartment, with the 

average height of the two collapsed membranes ca. 22 nm (Figure 9.7 and Figure 9.8). 

Each membrane was thus only 11 nm thick, which when compared to the length of the 

unmodified FhuA ΔCVFtev barrel (ca. 7-8 nm) indicates that it was a monolayer. The 

value of 11 nm in the dried state fits well to the evaluated thickness of 18 nm from the 

cryo-SEM measurement which demonstrates the frozen swollen state. In any case, the 

measurements provided us a range of (14 ± 4) nm for the thickness of the membrane of 

BBTP with PNIPAAm, which was efficient enough to stabilize the emulsion droplets of 

 

 

Figure 9.5: Pickering emulsions stabilized by FhuA ΔCVFtev-PDMAEMA (A 1.4 mg/ml, B 

0.026 mg/ml) and FhuA ΔCVFtev-PNIPAAm (C 1.4 mg/ml, D 0.026 mg/ml) immediately 

after shaking. FhuA ΔCVFtev-PDMAEMA stabilized emulsions were visibly more stable 

than FhuA ΔCVFtev-PNIPAAm stabilized emulsions. 
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Figure 9.6: Cryo-SEM images of FhuA ΔCVFtev-PNIPAAm (A and C) and 

FhuA ΔCVFtev-PDMAEMA (B and D) showing frozen Pickering emulsion droplets. The 

emulsions of FhuA ΔCVFtev-PDMAEMA had a rough morphology as compared to 

FhuA ΔCVFtev-PNIPAAm, which had more smooth and textured morphology. The 

thickness of broken capsule of emulsion stabilized by FhuA ΔCVFtev-PNIPAAm (C) and 

FhuA ΔCVFtev-PDMAEMA (D) was estimated to be around 18 nm and 38 nm, 

respectively. 

 

Micro-meter scale (5 to 90 µm in diameter), that is a droplet at least three orders of 

magnitude larger than itself. Upon addition of ethanol, the capsules swelled (but not 

disintegrated) and the oil phase (with Nile Red) leeched out, evidenced by the reduction 

in fluorescence of Nile red (Figure 9.7C). This behavior has previously been reported.117 

Also, by visual inspection (Figure 9.9), it was clear that the emulsion without crosslinking 

(no UV exposure) was destroyed to give a clear solution upon addition of ethanol, while  
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Figure 9.7: A) Scanning force microscopy image of a dried micro-compartment. The 

thickness of the dried membrane is ca. 11 nm, indicating a monolayer stabilized system. 

Area of the image is 11 µm by 11 µm. B) Fluorescence microscopy images of Pickering 

emulsions with Nile red in trifluorotoluene as the oil phase stabilized by 

FhuA ΔCVFtev-PNIPAAm. C) Upon adding ethanol, the crosslinked capsules of 

FhuA ΔCVFtev-PNIPAAm-PDMMIBA swell, and the intensity of Nile red decreases, but 

they are not destroyed, indicating successful crosslinking by UV irradiation. Scale bar is 

100 µm 

 

 

Figure 9.8: The thickness of the membrane was calculated by averaging the vertical 

distance between two points, one on the dried droplet and one on the silicon wafer. 

Measurement was carried out at 9 random positions to get an average value. 
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the crosslinked emulsion was stable. These results imply that first, the crosslinking was 

successful and second, BBTP stabilized emulsions can be used as a template for the 

generation of hollow compartments in the micro-meter range. 

 

Figure 9.9: The effect of ethanol on the stability of emulsion. The crosslinked (UV 

exposed) emulsion maintains integrity after the addition of ethanol, while the one without 

crosslinking destroys to give a clear solution. 

 

9.5. Summary 

 

The self-assembly dynamics at oil-water interface as well as pH- and thermo-responsive 

properties of the BBTP were studied in detail using dynamic interfacial tension 

measurements and temperature dependent UV-Vis measurements. Unmodified 

FhuA ΔCVFtev itself showed much higher interfacial activity than previously studied 

soluble proteins like ferritin, ß-casein and lysozyme, which proves that membrane 

proteins are very strong amphiphiles. Interestingly, the dynamics of interfacial 

stabilization were even faster than hydrophobin – a well-known amphiphilic protein. The 

BBTP, both FhuA ΔCVFtev-PNIPAAm and FhuA ΔCVFtev-PDMAEMA, exhibited at least 

10 times faster interfacial dynamics as compared to unmodified FhuA ΔCVFtev; with 

FhuA ΔCVFtev-PDMAEMA at pH 10 being nearly 20 times faster. The high interfacial 

activity of the BBTP facilitated the generation of highly stable Pickering emulsions. The 
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non-crosslinked Pickering emulsions of FhuA ΔCVFtev-PDMAEMA conjugates showed 

exceptional long-term stability of over 40 days. Finally, more stable capsules of these 

Pickering emulsions were also generated by UV-crosslinking the polymer chains of 

FhuA ΔCVFtev-PNIPAAm-PDMMIBA. Visual inspection, dissolution experiments and 

optical/fluorescence microscopy were used to prove successful crosslinking. SFM and 

cryo-SEM analysis additionally indicated that the thickness as low as 11.1 ± 0.6 nm, 

corresponding to at most two layers of the BBTP, was capable of stabilizing the 

emulsion droplets. It is remarkable in light of the fact that such a thin membrane can 

stabilize an emulsion droplet two to three orders of magnitude larger than itself and still 

remain intact. The experiments shown in this chapter were the next logical step to the 

BBTP generation; synthesis of larger order structures (micro-meter range) using the 

building blocks synthesized in previous chapters. Very similar structures would be 

synthesized with the conjugates of enzymes (Chapter 8), for potential applications in 

heterogeneous catalysis and healthcare. Furthermore, these experiments and results 

formed the foundation of protocol used for the generation of ultra-thin membranes 

detailed in Chapter 10. 
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10 Stable stimuli-responsive nano-thin membranes 

 

10.1. Introduction 

 

After successfully generating micro-structures from the nano-scale building blocks, 

described in Chapter 9, the aim was to go from micro-structure to even larger 

structures; going from spherical geometry to planar. Informed with the knowledge of 

interfacial activity behavior of BBTP with FhuA ΔCVFtev (Chapter 9), it was expected 

that BBTP with other variants would also quickly self-assemble at oil-water and air-water 

interface. In this chapter, BBTP with FhuA WT, FhuA ΔCVFtevK8
mid and 

FhuA ΔCVFtevK11
up and copolymer of NIPAAm and 3,4-dimethyl maleic imidobutyl 

acrylate (DMMIBA) or 2-(dimethyl maleinimido)-N-ethyl-acrylamide (DMIAAm) were 

self-assembled at these interfaces. Crosslinking the self-assembled conjugates by 

exposure to the UV generated stable large scale planar membranes. Nano-thin 

membranes were generated at oil-water interface and water dropping tests conducted 

on them to investigate their mechanical stability. Membranes were further generated at 

air-water interface and characterized after drying on silicon wafers. Scanning force 

microscopy (SFM) was used to assess the morphology and thickness of these 

membranes. Finally, water flux and permeation experiments through membranes 

self-assembled and crosslinked on polyether sulfone supports were carried out. Since, 

PNIPAAm is a thermo-responsive polymer, the membrane permeation and flux data 

were collected by carrying out the measurements at RT as well as 40 °C, below and 

above the LCST of PNIPAAm. Only initial flux and permeation measurements are 

reported in this chapter. In the following research, these measurements will be optimized 

and membrane selectivity towards nano-sized permeates would be investigated.  
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10.2. Preparation and characterization 

 

10.2.1. Materials 

 

All chemicals used were of analytical reagent grade or higher quality, purchased from 

Applichem (Darmstadt, Germany), Alfa Aesar (Karlsruhe, Germany) or Sigma-Aldrich 

Chemie (Taufkirchen, Germany), if not stated otherwise. The synthesis of BBTP or 

conjugates of FhuA variants was carried out without using any sacrificial initiator as 

explained in Section 7.2.1. Millipore water was used for all flux and permeation tests. 

Boron doped p-type 625 µm thick silicon wafers were purchased from CrysTec GmbH, 

Berlin. Circular PES membranes with diameter of 47 mm and pore size 0.2 µm were 

purchased from PALL Life Sciences (New York, USA). Glass fiber filters, type MN 85/70 

BF with a diameter of 45 mm, were purchased from Carl Roth GmbH (Karlsruhe, 

Germany).  

For this chapter, MPD buffer is defined as the buffer containing 50 mM MPD, 10 mM 

sodium phosphate, 1 mM EDTA and 1 mM NaN3 at pH 7.4. 

 

10.2.2. Self-assembly and membrane generation 

 

Membranes on silicon wafers: Silicon wafers were cut in 1 cm by 1 cm size and stored 

in ethanol before use. When preparing membranes for SFM, the silicon wafers were 

dried with pressurized air and then cleaned with CO2 snow-jet. To impart hydrophilicity, 

the wafers were etched with O2 plasma for 5 minutes at 0.2 mbar pressure. 120 µl of 

conjugate solution diluted with Millipore water to the respective concentration 

(2.6   10-1 mg/ml, 2.6   10-2 mg/ml or 2.6   10-3 mg/ml.), was put on the wafers and either 

dried overnight (for non-crosslinked samples) or put under the UV light on a TEFLON 

block atop an ice bath for 1 h for drying-mediated self-assembly and crosslinking (Figure 

10.1). After the crosslinking, the silicon wafer was put under air overnight and SFM 

scans performed the following morning. 
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Figure 10.1: UV-crosslinking table partially submerged in an ice bath. 

 

Membranes at oil-water interface: The polar-apolar interfacial membrane tests were 

conducted using 500 µl of MPD buffer or respective BBTP (conjugate) solution at a 

protein concentration of 2.6   10-1 mg/ml (diluted from stock solution with MDP buffer) 

and 2000 µl of toluene. The samples were put in 3 ml vials, which after a 30 min 

stabilization period were exposed to UV for 3 h in an ice bath. After the interfacial 

self-assembly and simultaneous crosslinking, 10 % (v/v) blue-black LAMY ink (in water) 

was dropped on the membrane using a 1 ml syringe, and the process was recorded on 

video using an iPhone camera for either two min or until the two phases (10 % dye and 

underlying water phase) mixed – depending on which was reached first. 

 

Membranes on PES support: PES support was put on a Teflon block with the shiny 

side down. 3 ml of respective BBTP (conjugate) solution at a protein concentration of 

5.2   10-2 mg/ml (diluted from stock solution with water) was then carefully poured over 

the support. After leaving the block undisturbed for BBTP to self-assemble at air-water 

interface for 1 h, it was put atop ice bath with ice water touching the Teflon block from 

the bottom, in a condition shown in Figure 10.1. This assembly was then exposed to UV 

light for ca. 1 h 50 min (until the filter is just dry) and allowed to crosslink as water 

evaporated. After that, the dry BBTP membrane atop PES support was used for water 

flux and permeation experiments. 
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10.2.3. Characterization techniques and equipment used 

 

Plasma etching: 30 GUNJET from spraying systems co. (Wheaton, USA) with a 

heating plate at 200 °C was used to clean silicon wafers of any dirt first. Then, 

PlasmaFlecto etcher from plasma technology, Herrenberg, Germany assisted with 

DEVILBISS 5 liter oxygen concentrator, from Devilbiss healthcare, USA was used for 

plasma etching the silicon wafers.  

 

SFM: The measurements were performed on a Bruker Dimension FastScan instrument 

(Bruker, Bremen, Germany). Silicon tip on a Silicon Nitride cantilever [Fastscan-A probe 

with a force constant of 18 N/m (f0 = 1400 kHz)] were used for tapping mode 

measurements in air at a scan rate of 0.506 Hz and 512 samples/line. A scratch was 

made using a needle at multiple places on the dried membrane to measure the 

thickness of the membrane. 

 

UV-crosslinking: UV crosslinking was carried out with Panacol UV-F 400F, operating at 

450 W. 

 

Flux and permeation measurements: The flux and permeation measurements were 

conducted on a custom made device, assembled in house. The scheme for the device is 

shown in Figure 10.2. The flow rate was calculated by recording the rate of increase of 

mass on the balance.  

 

For flux measurements, after an equilibration time of 4 min, increase in mass over the 

balance was recorded every 30 sec for 7 min at a given transmembrane pressure 

[varied by the height of the water level (ΔH) and hence the hydrostatic pressure]. After 

these set of recordings, the pressure was varied, flow allowed to equilibrate for 4 min 

and the next set of data recorded as described above. Average flux over 7 minutes was 

then plotted against corresponding transmembrane pressure. The transmembrane 

pressure was sequentially increased from 4.6 mbar to 48.9 mbar (called trace 

measurement) and then sequentially decreased (called retrace measurement). The flux 
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at a given pressure was calculated using the formula      
 

  

  

  
 where, ρ is the 

density of water, A is the area of the generated membrane and (
  

  
) is the rate of 

increase of mass as recorded on the balance. 

 

For permeation measurements, the water level was kept fixed at the height difference 

(ΔH) of 10 cm using an AL-300 syringe pump from World Precision Instruments 

(Sarasota, USA) to generate a constant hydrostatic pressure of ca. 9.8 mbar across the  

 

Figure 10.2: The scheme representing the in house assembled flux and permeation 

measurement device. The BBTP membrane with PES support was kept on a glass filter, 

which itself was on top of a perforated hard plastic sieve. The setup was sealed using an 

O-ring. The flow through could be measured using the weighing balance. The 

transmembrane pressure could be varied adjusting the height of the top of water level in 

the water tank with respect to the membrane. 
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membrane. After an initial equilibration time of 5 min, the increase in mass on the 

balance was recorded every 5 min for 120 min, and avg. permeation over an interval of 

each 5 min was plotted against time. To carry out permeation experiments at 40 °C, the 

whole assembly, i.e. the water and the water tank, housing and balance, was first 

equilibrated to 40 °C in an incubator (Heratherm IMH180 from Thermo-Scientific) for 2 h. 

After this, the device was assembled and protocol detailed above was followed in an 

identical fashion. The permeation at a given pressure was calculated using the formula 

             
 

   

  

  
 where, ρ is the density of water, A is the area of the generated 

membrane, P is the transmembrane pressure and (
  

  
) is the rate of increase of mass as 

recorded on the balance. 

 

10.3. Membrane synthesis and optimization 

 

After analyzing the interfacial behavior of the BBTP in Chapter 9, the next step was to 

generate planar membranes from BBTP, exploiting this interfacial behavior. 

FhuA ΔCVFtevK11
up-PNIPAAm-PDMMIBA and FhuA ΔCVFtevK8

mid-PNIPAAm-PDMIAAm 

conjugates were synthesized as described in Chapter 6 / Chapter 7 and utilized for the 

generation and characterization of membranes. These two variants were used because 

they were specifically designed for polymerization, and have a passive diffusion 

channel. Figure 10.3 shows the general scheme of generation of membranes from 

BBTP. The conjugates were allowed to self-assemble at the air-water interface and then 

exposed to the UV light to crosslink the polymer chains as the water evaporated. The 

result was a crosslinked polymer matrix with FhuA embedded inside it. 

 

In order to characterize and study the properties of the membranes from BBTP, three 

different concentrations of the protein were investigated. After preparing the silicon 

wafers as explained in the Section 10.2.2, respective solution was put on them and the 

polymer chains of the self-assembled BBTP crosslinked at the air-water interface by 

exposure to UV light (Figure 10.4D, Figure 10.4E and Figure 10.4F). Negative controls, 

with no exposure to the UV light, were also prepared simultaneously (Figure 10.4A, 

Figure 10.4B and Figure 10.4C). Optical microscopy was utilized to analyze the 
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morphology of the generated membranes. At concentrations 2.6   10-1 mg/ml (Figure 

10.4D) and 2.6   10-2 mg/ml (Figure 10.4E), the morphology of the membranes exposed 

to the UV light was strikingly different than those without. The presence of wrinkles 

indicates that the crosslinking was finished before complete drying of the membrane. 

Over time, as the water evaporated, the effective area of the membrane reduced, 

resulting in wrinkles. At concentration of 2.6   10-3 mg/ml (Figure 10.4F), however, the 

wrinkled membrane was not visible. On the other hand, at the same concentrations 

without UV-crosslinking, the conjugates seemed just to aggregate into lumps (Figure 

10.4A, Figure 10.4B and Figure 10.4C).  

 

Furthermore, making a scratch on the generated membrane resulted in exposure of the 

underlying silicon wafer (Figure 10.5B). Consecutively, the thickness of the membrane 

was estimated by scanning perpendicular to the scratch with the SFM and estimating the 

height the membrane layer from the surface of the silica wafer. The value of ca. 20 nm, 

for a concentration of 2.6   10-2 mg/ml, indicates that nano-thin macroscopic membranes 

could be generated from self-assembled BBTP. 

 

Figure 10.3: The general approach of membrane formation. In Chapter 9 it was 

discovered that BBTP were highly interfacially active. Hence, this behavior was exploited 

for their self-assembly at the air-water interface and consecutive crosslinking by 

exposure to UV light in order to generate nano-thin membranes. 
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Figure 10.4: Optical images of membranes made from 

FhuA ΔCVFtevK11
up-PNIPAAm-PDMMIBA on a silicon wafer. A, B and C were allowed to 

dry without any exposure to UV light, while D, E and F were exposed to the UV light, 

resulting in a crosslinked membrane. Concentration of protein in the conjugate sample 

(BCA assay) used were A/D = 2.6   10-1 mg/ml, B/E = 2.6   10-2 mg/ml and 

C/F = 2.6   10-3 mg/ml.  
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Figure 10.5: SFM analysis of membrane formed from 

FhuA ΔCVFtevK11
up-PNIPAAm-PDMMIBA (conc. 2.6   10-2 mg/ml) on a silicon wafer. A 

scratch was made on samples without UV-crosslinking (A) and with UV-crosslinking (B). 

SFM scan of the sample not exposed to UV light (C) shows some aggregates while the 

crosslinked one (D), shows membrane like structure on the left half and the underlying 

Si wafer on the right half. The thickness of the membrane (measured from height of the 

scratch in D) was estimated (E) to be around ca. 20 nm. 
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In order to investigate the mechanical stability of the nano-thin membranes, 

self-assembled membranes were also synthesized at the toluene-water interface 

(Figure 10.6). Toluene was poured on top of a 2.6   10-1 mg/ml solution of 

FhuA Δ CVFtevK8
mid-PNIPAAm-PDMIAAm (water phase) and the conjugates allowed to 

self-assemble and crosslinked by exposure to the UV light. MPD buffer, without any 

BBTP (water phase) was used as the negative control. When a drop of dye-colored 

water (10 % aqueous solution of Lamy ink for fountain pens) was released in the toluene 

phase, it sedimented and sat on the membrane without mixing for up to 30 s. When the 

same was done with MPD buffer (Figure 10.6B), the two water phases mixed 

instantaneously. This experiment showed that a drop of dye-colored water was sitting on 

top of bulk water phase, separated only by the nano-thin membrane generated from the 

crosslinked FhuA conjugates. Needless to say, even though ultra-thin, these 

membranes also showed mechanical stability. However, the reproducibility of these  

 

 

Figure 10.6: A toluene-water interface with MPD buffer as the water phase results in 

instantaneous mixing of dye-colored water droplet added from the top (A & B). On the 

other hand FhuA ΔCVFtevK8
mid-PNIPAAm-PDMIAAm solution as the water phase and 

exposure to UV light halted the dye-colored water droplet (C and D). In essence this 

means a water droplet sat on bulk water phase separated by the self-assembled 

membrane from BBTP. Both A/B and C/D were exposed to identical UV light. E 

schematically shows the self-assembled and crosslinked membrane at the toluene-water 

interface. 
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experiments, including the effect of the concentration of the conjugate solution on the 

thickness and stability of the generated membrane still needs to be analyzed, and will be 

done in research following this thesis. 

 

10.4. Flux and permeation measurements 

 

After morphological and mechanical analysis of nano-thin membranes on silicon wafers 

and oil-water interfaces, the flow of water through them was characterized. In order to 

demonstrate the applicability of the membrane formation approach, the size of 

membrane was increased to cover an area of ca. 17.35 cm2. In order to provide strength 

to the nano-thick BBTP membrane of such large area, polyether sulfone (PES) filters 

were used as mechanical support (see experimental section for details). The BBTP 

solutions were kept on the PES support, allowed to self-assemble and then crosslinked. 

Membranes were always prepared fresh and immediately tested. 

 

Flux through a membrane is defined as flow of the analyte per unit area of the 

membrane. Flux depends on the transmembrane pressure, which is defined as the 

pressure difference across the membrane being analyzed. The higher the 

transmembrane pressure, higher is the flux. The setup shown in Figure 10.2 was 

employed for the measurements. This setup proved efficient in easy control of the 

hydrostatic pressure (and hence transmembrane pressure) by changing the height of 

the storage tank. However, it must be noted that equating the hydrostatic pressure and 

transmembrane pressure is an approximation, which may be subject to deviations from 

the actual transmembrane pressure. In order to calculate actual transmembrane 

pressure, two pressure sensors, one on each side of the membrane would be required. 

When assembling the setup, the housing was first filled up with water, leaving no air 

bubbles inside and the connection then fixed. The values from a weighing balance were 

used to record the mass of permeated water every 30 s. The volume (and hence the 

flow rate and consecutively flux) was then calculated using the density of water at 25 °C. 

Figure 10.7 shows the flux at RT through just the PES support as well as membrane 

from FhuA WT-PNIPAAm-PDMMIBA generated atop the PES support. As expected, the 
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flux increases with increasing transmembrane pressure. The flux through the PES 

support with the BBTP membrane is slightly lower than just the PES support because of 

the resistance provided by the self-assembled membrane. This only slight difference in 

flux may be attributed to the ultra-low thickness (as demonstrated in the previous 

section) and hydrophilicity of the membrane matrix. At a constant transmembrane 

pressure, if the membrane breaks at some point during the measurement, a sudden 

increase in flux would be observed. Hence, the measurements were always carried in 

duplicates, once successively increasing the transmembrane pressure (trace) and then 

successively reducing the transmembrane pressure (retrace). Since, the trace and 

retrace were close enough, it can be inferred that the membrane did not break during 

the measurement and was mechanically robust up to a transmembrane pressure of at 

least 48.9 mbar.  

 

 

Figure 10.7: Flux of water through only the PES support and PES support with 

membranes made from FhuA WT-PNIPAAm-PDMMIBA at RT. In the presence of the 

membranes made from BBTP, the value of flux is lower, because of slight resistance 

provided by the membrane. 
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On the other hand, membrane fouling and accumulation usually reduce the flux at a 

constant transmembrane pressure.244 Consecutively, when using a membrane over 

longer periods of time, it is quite often required to increase the transmembrane pressure 

to maintain a constant flux. For many micro-filtration systems, significant changes in 

transmembrane pressure are required.245 Hence, flow of water through the membranes 

was also analyzed using permeation, which is defined as flux per unit transmembrane 

pressure. The transmembrane pressure was kept constant and permeation plotted over 

a period of 2 hours (Figure 10.8). The setup shown in Figure 10.2 was used for all 

measurements at RT as well as 40 °C. The tests were carried out on PES supported 

self-assembled membranes made from FhuA WT-PNIPAAm-PDMMIBA and 

FhuA ΔCVFtevK11
up-PNIPAAm-PDMMIBA. At room temperature, the PNIPAAm chains 

are hydrophilic and the water can also go through the crosslinked polymer matrix. 

However, the crosslinked PNIPAAm matrix is expected to undergo volume phase 

transition at ~32 °C, resulting in the matrix becoming hydrophobic. Consecutively, at 

40 °C this aspect of the hydrophobic polymer matrix is reflected by a decrease in the 

permeation because of increased resistance to flow of water. Membranes synthesized 

by BBTP of both FhuA WT as well as FhuA ΔCVFtevK11
up exhibited substantial reduction 

in permeation when conducting the experiments at 40 °C, proving that the 

thermo-responsivity of PNIPAAm can be used to alter the membrane flow 

characteristics. Furthermore, membranes synthesized by BBTP of FhuA WT had lower 

permeation both at RT as well as 40 °C than those synthesized by BBTP of 

FhuA ΔCVFtevK11
up. This result matches the expected behavior since FhuA WT has a 

narrower channel area (because of the pore blocking cork domain) as compared to 

FhuA ΔCVFtevK11
up, which has an open channel (Table 7.1). Consecutively, the 

membranes with the conjugate of FhuA ΔCVFtevK11
up have higher permeation even at 

40 °C than for the membranes with the conjugates of FhuA WT at RT. Furthermore, the 

reduction in permeation at higher temperature for membranes with conjugates of 

FhuA WT is around 2000 L/m2h bar while that for membranes with the conjugates of 

FhuA ΔCVFtevK11
up is around 2700 L/m2h bar. However, it must be noted that these 

measurements, flux as well as permeation, are only preliminary results and will be rerun 

and their reproducibility analyzed in future experiments. 
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Figure 10.8: Permeation of water at RT and 40 °C through membranes made from 

FhuA WT-PNIPAAm-PDMMIBA (A) and FhuA ΔCVFtevK11
up-PNIPAAm-PDMMIBA (B). 

 

10.5. Summary and outlook 

 

In conclusion, nano-thin membranes were generated from self-assembled conjugates of 

the transmembrane protein FhuA. BBTP from FhuA WT, FhuA ΔCVFtevK8
mid and 

FhuA ΔCVFtevK11
up and copolymer of NIPAAm and DMMIBA or DMIAAm were 

self-assembled and crosslinked at oil-water and air-water interfaces to generate 

membranes up to ca. 17.35 cm2 in area. SFM analysis revealed thickness of ca. 20 nm 

for membrane prepared from FhuA ΔCVFtevK11
up-PNIPAAm-PDMMIBA (conc. 

2.6   10-2 mg/ml). Despite ultra-low thickness in the nanometer range, the nearly 1 cm2 

sized membranes generated at the interface of toluene-water were mechanically robust 

enough to sustain a drop of water atop the bulk water phase, while a drop atop the 

negative control with only MPD buffer resulted in instantaneous mixing of the drop into 

the water phase. Flux of water through the PES filter supported membranes from 

FhuA WT-PNIPAAm-PDMMIBA was investigated. The presence of the membranes only 

slightly reduced the flux of water because of their ultra-low thickness and the 

hydrophilicity of the polymer matrix. The membranes were shown to be stable up to a 

transmembrane pressure of at least 48.9 mbar. In order to analyze the long-term (* 2 h) 

flow, permeation experiments were also done. Because FhuA WT has a channel 

blocking cork domain which FhuA ΔCVFtevK11
up doesn‟t, the permeation through the 
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membranes from FhuA WT conjugates was substantially and consistently lower than 

those made from FhuA ΔCVFtevK11
up conjugates. The membranes also exhibited 

thermo-responsivity; substantially reduced permeation was observed at 40 °C compared 

to at RT for the membranes generated from FhuA ΔCVFtevK11
up-PNIPAAm-PDMMIBA 

and FhuA WT-PNIPAAm-PDMMIBA. All these results are particularly significant in two 

respects: 1) They show a new method of preparation of mechanically stable nano-thin 

membranes that are as large as 17.35 cm2 in area, and 2) The thermo-responsivity of 

the polymer matrix can be exploited to control the flow characteristics of the membranes. 

The scale of the generated membranes is much larger than competing techniques such 

as spreading of polymersomes on solid supports. Furthermore, the number of 

incorporated membrane proteins per unit area for the approach presented in this thesis 

is expected to substantially higher than in the spreading of polymersomes. 

 

Tests of membranes with pH- as well as thermo-responsive PDMAEMA as the polymer 

matrix are underway. The most significant advantage of using PDMAEMA would be the 

possibility of making the polymer matrix hydrophobic at RT by increasing the pH, hence 

avoiding the requirement of heating up the whole setup. Furthermore, experiments to 

investigate the orientation and stability of FhuA at these interfaces are planned to be 

carried out next. Moreover, new genetic variants of FhuA with a chiral region in the 

channel are currently being developed by our collaboration partners, the group of Prof. 

Schwaneberg. When successfully generated, they would be tested for their capability of 

show selective permeability towards one enantiomer of an amino acid (D or L) from a 

racemic mixture of D and L enantiomers. Such membranes, the so to speak chiral 

membranes, hold a great potential as alternatives to conventional approaches towards 

resolution of racemic mixtures. The techniques described in this thesis in detail could be 

employed directly or with little optimization to generate chiral membranes. 

 

The approaches shown in this chapter in particular, and in this thesis in general, open 

up possibilities of new and promising micro-scale systems such as micro-compartments 

and micro-reactors with transmembrane proteins acting as the pores. These systems 

have many potential applications in gene and drug delivery, biocatalysis and 

heterogeneous catalysis. Most importantly, nano-thin nano-porous large scale 
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membranes have a huge potential as membranes for functional separation. With many 

successful strides in this direction, perhaps one day we might be able to generate 

sophisticated nano-filtration devices that can act as artificial kidneys ! 
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