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Abstract 

Membrane proteins are of high pharmacological interest as they are involved in a 

variety of vital functions. However, to make them accessible to in vitro studies, 

they often need to be extracted from their natural lipid environment and stabilized 

with the aid of membrane-mimetic systems. Such membrane mimics can consist 

of diverse amphiphilic molecules. Small-molecule amphiphiles that can solubilize 

lipid bilayers, so-called detergents, have been invaluable tools for membrane-

protein research in recent decades. Herein, novel small-molecule glyco-

amphiphiles embodying three distinct design principles are introduced, and their 

biophysical and physicochemical properties are investigated. In doing so, the 

major aims consist in establishing new promising amphiphiles and in determining 

structure–efficacy relationships for their synthesis and application. 

First, the software package D/STAIN was introduced to facilitate the analysis of 

demicellization curves obtained by isothermal titration calorimetry. The robustness 

of the underlying algorithm was demonstrated by analyzing demicellization curves 

representing large variations in amphiphile concentrations and thermodynamic 

parameters. 

Second, the interactions of diastereomeric cyclopentane maltoside amphiphiles 

(CPMs) with lipid bilayers and membrane proteins were investigated. To this end, 

lipid model membranes, cellular membranes, and model membrane proteins were 

treated with different stereoisomer CPMs. These investigations pointed out the 

importance of stereochemical configuration in the solubilization of lipid bilayers, in 

the extraction of membrane proteins, and, ultimately, in the stabilization of the 

latter. Ultimately, CPM-C12 could be identified as a particularly stabilizing agent. 

Third, the influence of a polymerizable group attached to detergent-like 

amphiphiles was characterized regarding their micellization, micellar properties, 

and ability to solubilize lipid membranes. This revealed that such chemical 

modifications can have different degrees of impact regarding the investigated 

properties. In particular, micellization was influenced substantially, whereas the 

sizes of the resulting micelles varied slightly. The polymerizable amphiphiles were 

shown to solubilize artificial and natural lipid membranes and, consequently, to 

extract membrane proteins. 

Last, the self-assembly of diglucoside amphiphiles bearing either a hydrocarbon or 

a lipophobic fluorocarbon chain to form native nanodiscs was investigated. It was 
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shown that the presence of a fluorocarbon hydrophobic chain conveys superior 

stabilization properties onto the amphiphile and the resulting nanodiscs. Moreover, 

the kinetics of lipid exchange were fundamentally altered by the presence of the 

fluorocarbon amphiphiles in the nanodisc rim.  
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Zusammenfassung 

Membranproteine sind von hohem pharmakologischem Interesse, da sie an einer 

Vielzahl lebenswichtiger Funktionen beteiligt sind. Um sie jedoch für In-vitro-

Studien zugänglich zu machen, müssen sie oft aus ihrer natürlichen 

Lipidumgebung extrahiert und mit Hilfe von membranmimetischen Systemen 

stabilisiert werden. Solche Membranmimetika können aus verschiedenen 

amphiphilen Molekülen bestehen. Kleinmolekulare Amphiphile, die 

Lipiddoppelschichten auflösen können, sogenannte Detergenzien, waren in den 

letzten Jahrzehnten unschätzbare Werkzeuge für die Membranproteinforschung. 

Hier werden neuartige kleinmolekulare Glykoamphiphile vorgestellt, die auf drei 

verschiedenen Konstruktionsprinzipien basieren, und ihre biophysikalischen und 

physiko-chemischen Eigenschaften untersucht. Die Hauptziele bestehen dabei 

darin, neue vielversprechende Amphiphile zu etablieren und Struktur-Wirkungs-

Beziehungen für deren Synthese und Anwendung zu bestimmen. 

Zuerst wurde das Softwarepaket D/STAIN eingeführt, um die Analyse von 

Demizellisierungskurven zu erleichtern, die durch isotherme Titrationskalorimetrie 

erhalten wurden. Die Robustheit des zugrunde liegenden Algorithmus wurde durch 

die Analyse von Demizellisierungskurven mit großen Variationen in 

Amphiphilkonzentrationen und thermodynamischen Parametern demonstriert. 

Zweitens wurden die Wechselwirkungen von diastereomeren 

Cyclopentanmaltosid-Amphiphilen (CPMs) mit Lipiddoppelschichten und 

Membranproteinen untersucht. Zu diesem Zweck wurden Lipidmodellmembranen, 

Zellmembranen und Modellmembranproteine mit verschiedenen stereoisomeren 

CPMs behandelt. Diese Untersuchungen wiesen auf die Bedeutung der 

stereochemischen Konfiguration bei der Solubilisierung von Lipiddoppelschichten, 

bei der Extraktion von Membranproteinen und letztendlich bei deren Stabilisierung 

hin. Letztlich konnte CPM-C12 als besonders stabilisierendes Amphiphil identifiziert 

werden. 

Drittens wurde der Einfluss einer polymerisierbaren Gruppe, die an 

detergensartige Amphiphile gebunden ist, in Bezug auf ihre Mizellbildung, ihre 

mizellaren Eigenschaften und ihre Fähigkeit, Lipidmembranen zu aufzulösen, 

charakterisiert. Dabei zeigte sich, dass sich solche chemischen Modifikationen 

unterschiedlich stark auf die untersuchten Eigenschaften auswirken können. 

Insbesondere die Mizellisierung wurde stark beeinflusst, während die Größe der 
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resultierenden Mizellen leicht variierte. Es wurde gezeigt, dass die 

polymerisierbaren Amphiphile künstliche und natürliche Lipidmembranen 

solubilisieren und so Membranproteine extrahieren. 

Zuletzt wurde die Selbstorganisation von Diglucosid-Amphiphilen mit entweder 

einer Kohlenwasserstoff- oder einer lipophoben Fluorkohlenstoffkette zu nativen 

Nanodiscs untersucht. Es wurde gezeigt, dass die Anwesenheit einer hydrophoben 

Fluorkohlenstoffkette dem Amphiphil und den resultierenden Nanodiscs 

überlegene Stabilisierungseigenschaften verleiht. Darüber hinaus wurde die 

Kinetik des Lipidaustauschs durch die Anwesenheit der Fluorkohlenstoff-

Amphiphile im Rand der Nanodiscs grundlegend verändert. 
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Chapter 1: Introduction 

1.1. Biological Membranes 

Biological membranes surround all cells, thus providing a barrier to separate them 

from the environment. Moreover, membranes are found inside eukaryotic cells 

forming separated compartments called organelles. All these membranes are 

highly complex and dynamic structures consisting mainly of lipids and 

membrane proteins (MPs). Both components are amphiphilic molecules, containing 

hydrophilic and hydrophobic groups.[1] The hydrophobic effect leads to 

minimization of the interfacial area between the hydrophobic groups and the 

aqueous solvent, thus driving self-assembly of the bilayer membrane.[2] The 

separation by such membranes is of utter importance in order to establish and 

maintain specific conditions required within the cell and its organelles.[1] The lipids 

in the bilayer membrane act primarily as barrier for aqueous solutes, but at the 

same time, they provide a two-dimensional matrix for the incorporation of MPs.[3] 

Membranes can consist of hundreds of different lipids species and thousands of 

different MPs with different functions.[1,4] Thus, membranes are not just simple 

barriers but can perform rather complex and specific tasks. This includes the 

selective transmembrane transport of solutes such as metabolites and ions, signal 

transduction and amplification, as well as gradient build-up and subsequent energy 

conversion.[5] 

MPs can be classified into peripheral and integral MPs.[1,3] The latter are embedded 

within the bilayer, whereas peripheral MPs are bound to the membrane by 

interactions with lipid headgroups or integral MPs. By contrast, integral MPs can 

either be located in one of the leaflets or span through the entire membrane.[1,3] 

In particular, channel-forming and receptor MPs build a bridge between the extra- 

and intracellular space by enabling and regulating mass and information flow. 

These unique functions paired with their overall large abundance within the 

membrane (25–75%[6]) render MPs important drug targets. Hence, by 2015, 

more than 50% of FDA-approved drug targets in humans were MPs.[7,8] 

1.2. Challenges in Membrane-Protein Studies 

Despite their importance, the structures and functions of MPs often remain elusive, 

as reflected in the fact that, today, only a low percentage of available 3D structures 

come from MPs (https://blanco.biomol.uci.edu/mpstruc/, 08.10.2021). The reason 

for this is that MPs need to be extracted from the bulk membrane and the MP of 
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interest needs to be enriched, compared with others. By this, MPs are made 

amenable in a simplified model system for biophysical techniques under in vitro 

conditions, which often leads to loss of structure and function. Usually, this is 

accomplished by the application of amphiphilic, membrane-solubilizing agents. 

These agents are able to fragment lipid bilayers and form small complexes with 

lipids and MPs, thus shielding hydrophobic surfaces from the aqueous environment 

and, hence, prevent aggregation of MPs. However, MP extraction bears a major 

issue: As mentioned above, the biological membrane is a highly complex and 

heterogeneous structure, which provides numerous interaction partners. This 

includes other proteins, co-factors, and specific lipid species. In particular, protein–

lipid interactions have gained increasing interest over recent years and turned out 

to be decisive for proper structure,[9–11] oligomerization,[10,12,13] and function[10,14,15] 

of different MPs. Hence, it is crucial to provide adequate and mild solubilizing 

agents that are able to mimic the membrane and its physicochemical properties 

required by individual MPs. 

1.3. Membrane-Mimetic Systems 

Amphiphilic molecules can provide a hydrophobic environment for MPs after 

extraction from their natural membrane, thus, acting as membrane mimics. Over 

the last decades, many different approaches and membrane-mimetic systems 

have been developed. These can be distinguished by the type of aggregates they 

form when interacting with MPs and lipids. For certain applications there is a 

requirement for non-bilayer systems that are as small as possible. Therefore, 

amphiphiles are applied that form a belt-like structure around the hydrophobic 

surfaces of the MPs.[16,17] On the contrary, for other experiments or particularly 

sensitive MPs, the imitation of a native bilayer membrane plays a key role. 

Therefore, amphiphiles that form bilayer systems either made of vesicular lipid 

bilayers[18] or containing a nano-sized bilayer core[19–21] are used. 

Additionally, amphiphiles can be distinguished by their ability to extract MPs 

directly from the natural membrane. On the one hand, detergents and nanodisc-

forming amphiphilic polymers can directly extract MPs. Other systems, such as 

artificial vesicles, amphipols, bilayered micelles, and nanodisc-forming proteins are 

not able to effectively extract MPs from natural membranes.[22] 

In the following, the most prominent membrane mimics are presented with a 

special focus on detergent micelles. 
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1.3.1. Non-Bilayer Systems 

Detergent Micelles are composed of detergents that are surface active, small-

molecule amphiphiles, so-called surfactants, that are able to solubilize lipids and 

other water-insoluble molecules.[23] The ability to solubilize lipid bilayers and 

hydrophobic molecules such as MPs renders detergents invaluable tools for MP 

research. They can be directly applied to extract MPs from their natural 

membrane and form small MP/detergent complexes. 

Structurally, detergents consist of a defined hydrophilic and a hydrophobic group, 

often referred to as head and tail, respectively. Geometrically, most head-and-tail 

detergents exhibit a conical structure, with the hydrophilic headgroup occupying a 

larger cross-section area than the flexible hydrophobic chain (Fig. 1A). Hence, 

owed to the hydrophobic effect, detergents self-assemble into micelles, in which 

the hydrophobic tail groups are buried inside, whereas the hydrophilic headgroups 

are exposed to the aqueous solvent with which they interact (Fig. 1B). By this, the 

hydrophobic tails are shielded from the aqueous environment. This self-

assembly of detergent monomers into micelles is termed micellization and happens 

above a certain threshold concentration, the so-called critical micellization 

concentration (CMC). In detail, when increasing the detergent concentration in a 

solution, first, the concentration of monomers increases linearly. When the 

concentration reaches the CMC, the monomer concentration stays constant and 

micellization begins, thus, the micellar concentration starts to increase 

(Fig. 1C).[22] The CMC of a detergent is an important property to pay attention to 

and must be accounted for when working with detergent solutions. 

The CMC of classical head-and-tail detergents is determined by the balance 

between its hydrophilicity and hydrophobicity, this is, the charge and size of 

headgroup and length of the alkyl chain. Headgroups can be classified in three 

different types, which are ionic, zwitterionic, and non-ionic. In general, a higher 

charge results in higher hydrophilicity and, consequently, in higher CMC values 

(Fig. 1D). However, one must keep in mind that the actual charge strongly 

depends on buffer conditions. For non-ionic headgroups, the situation becomes 

particularly complex because of the widespread use of sugar moieties, which will 

be discussed in section 1.3.3. Glyco-Amphiphiles. Moreover, the size of the 

hydrophobic tail also plays an important role. For a homologous amphiphile series, 

an increase or decrease in alkyl chain length leads to a higher or lower CMC, 

respectively. This correlation is well known and quantitatively understood. An 
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increase in chain length by two CH2 groups results in a ~10-fold lower CMC 

according to Traube’s law.[24] 

Figure 1. Structure of conventional detergents and micellization. (A) Chemical structure 
of dodecyl phosphocholine (DPC) with the hydrophilic headgroup and the hydrophobic alkyl 
chain highlighted in orange and gray, respectively. (B) Structure of a spherical micelle. 
Top: Cross-section of a schematic micelle. Bottom: Snapshot of a molecular dynamics 
simulation of a DPC micelle after 1.1 ns simulation time.[25] Headgroups are presented as 
orange spheres at the position of the phosphate group. The coordinate files are kindly 
provided online by Prof. Tieleman from the University of Calgary. (C) Change in monomeric 
(blue) and micellar (red) detergent concentration around the CMC as function of the total 
concentration. (D) General influence of important chemical and structural features on the 
CMC. 

The structures and CMC values of detergent micelles are often assumed to be fixed 

and static properties. However, from different methods monitoring changes in 

physical properties of detergent solutions, such as isothermal titration calorimetry, 

dynamic light scattering, or surface tensiometry, it can be seen that the CMC is 

not a sharply defined threshold concentration.[26,27] Thus, additionally reporting a 

monomer/micelle transition range of concentrations is more appropriate than a 

single number value. Regarding the misconception about micelle structures, this 

arises from simplified cartoon schemes that show detergents with a fully extended 

hydrophobic chain in micellar cross-sections. Micelles are rather flexible and 

dynamic (Fig. 1B).[25,27,28] However, this dynamic nature is often the reason for 

issues with fragile MPs by not providing them with a stable supporting environment 

as in the bilayer membrane. The flexible alkyl chains of conventional head-and-tail 

detergents are likely to interfere with important protein–protein, protein–lipid, or 

other interactions (cf., 1.2. Biological Membranes). This is particularly pronounced 

for short-chained detergents.[29,30] To this end, two major approaches were used 
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in the synthesis of novel small-molecule amphiphiles: Fluorinated surfactants and 

amphiphiles with branched hydrophobic chains. 

Fluorinated surfactants resemble the structure of conventional head-and-tail 

detergents but substitute the hydrophobic alkyl chains with fluorinated chains. 

Fluorocarbon chains convey useful properties, which are twofold.[31] First, the 

substitution of hydrogen atoms by larger fluorine atoms results in slower dynamics 

inside the micelle owed to steric hindrance, as fluorocarbon chains are stiff, 

compared with hydrocarbon chains. Second, the bulkier nature of the fluorocarbon 

chain caused by the larger fluorine paired with the high electronegativity of fluorine 

leads to unfavorable interactions with hydrocarbon groups. Together, the lower 

interior micellar dynamics, the bulky chains, and unfavorable interactions render 

fluorocarbon chains mild and less prone to interfere with native interactions 

(Manuscript 4). However, on a downside, this mild character renders fluorinated 

surfactants rather poor solubilizing agents.[31,32] 

Branched detergents are a novel group of small-molecule amphiphiles that deviate 

from the classical head-and-tail structure (Manuscript 2). The most popular 

member of this group is lauryl maltose neopentylglycol (LMNG)[33] which consists 

of two maltose groups as headgroup and two alkyl chains as hydrophobic groups. 

It proved particularly useful for G protein-coupled receptors (GPCRs).[34] The 

potential reason for these stabilizing properties is lower mobility of the 

individual amphiphile molecules because of two reasons. First, the central 

connection between the branches restricts mobility of the groups, compared with 

conventional detergents. Second, the maltose headgroups can intertwine and 

establish sustained hydrogen bonds, which further lower the mobility and, hence, 

the dynamics in the micellar complex.[34] 

The effect of amphiphile headgroups on MP stability will be discussed in section 

1.3.3. Glyco-Amphiphiles. 

Short Amphiphilic Polymers, or amphipols, are short, amphiphilic polymers with 

both hydrophobic and hydrophilic moieties, designed to tightly bind onto the 

hydrophobic surface of MPs, thus, forming a thin layer.[16,35] The hydrophilic 

moieties can either be ionic groups such as carboxylic groups (APol, A8-35[36]), or 

non-ionic groups such as branched glucose (NAPol[37]) or maltose (Manuscript 3) 

groups. Non-ionic groups help to overcome the limitations of anionic polymers, 

these are, precipitation at low pH values[38] or high divalent cation 

concentrations.[39] Because of their slow dynamics and high hydrophobicity, 
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amphipols wrap tightly around the hydrophobic surfaces of MPs and, thus, 

have turned out to have stabilizing properties for MPs, when compared with 

conventional detergents.[36] However, amphipols exhibit very low solubilization and 

extraction efficiencies; therefore, it is common practice to extract MPs from their 

native bilayer by using detergents and subsequently exchange the MPs into 

amphipols.[40,41] In particular, for fragile MPs that require the stabilizing effect of 

amphipols, this initial detergent exposure can be detrimental. 

1.3.2. Lipid-Bilayer Systems 

Lipids usually consist of a hydrophilic headgroup connected by a glycerol backbone 

to a hydrophobic tail group, typically comprising two fatty acyl chains (Fig. 2A). In 

contrast with detergents, lipids possess a rather cylindrical shape because the two 

acyl chains occupy a cross-sectional area comparable to the headgroup. Therefore, 

self-assembly of lipids results in the formation of bilayers in which the 

hydrophobic acyl chains of lipids from both monolayers are shielded from water 

inside the bilayer. At the same time, the hydrophilic headgroups are exposed to 

the aqueous solvent at both sides of the bilayer (Fig. 2B). 

Figure 2. Chemical structure of phospholipids and vesicle structure. (A) Chemical 
structure of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) with the hydrophilic 
headgroup and the hydrophobic alkyl chain highlighted in blue/orange and gray, 
respectively. The positively charged choline group is highlighted in blue and the negatively 
charged phosphate group is highlighted in orange. (B) Structure of a lipid bilayer. Top: 
Cross-section of a schematic bilayer. Bottom: Snapshot of a molecular dynamics simulation 
of a POPC bilayer after 1.6 ns simulation time.[42] Charged groups are presented as blue 
and orange spheres centered at the nitrogen and phosphate, respectively. Water molecules 
are shown in stick representation and red/white. The coordinate files are kindly provided 
online by Prof. Tieleman from the University of Calgary. (C) Cross-section of a schematic 
unilamellar lipid vesicle. 
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Artificial vesicles made from synthetic lipids represent a simplified but native-

like model system for studying MPs in vitro. Typically, such artificial vesicles consist 

of just a few or even one single lipid species. In most cases, this are phospholipids 

because of their high natural abundance in membranes.[43] To get a vesicle 

population with a defined size distribution, unilamellar vesicles can be prepared in 

a way that a single lipid bilayer encloses an aqueous compartment (Fig. 2C). Such 

vesicles can be prepared, for instance, by extrusion,[44] sonication,[45] or 

microfluidics.[46,47] Depending on the technique used to produce the unilamellar 

vesicles, diameters between 30 nm and 1 µm can be obtained. 

Nanodiscs mimic a whole native-like membrane within a 10–40-nm sized lipid-

bilayer patch, surrounded by a belt consisting of amphiphilic agents. Thus, MPs 

can be embedded under mild conditions in a native-like lipid bilayer while being 

amenable to biophysical techniques due to their small size. These agents can either 

be certain lipids, amphipathic proteins, or amphiphilic polymers. 

Bilayered micelles, or bicelles, are the oldest membrane mimics that contain 

nanosized lipid-bilayers (Fig. 3A). Typically, their belt is made of 1,2-dihexanoyl-

sn-glycero-3-phosphocholine (DHPC). Unfortunately, these lipid amphiphiles are 

unable to directly recruit lipids and MPs from a native membrane into 

bicelles.[48] Therefore, bicelles need to be assembled from lipids for the bilayer 

patch, MPs, and the rim-forming agent. However, the formation of bicelles is 

restricted to certain combinations of lipids and, moreover, is only stable under 

certain experimental conditions such as defined lipid/amphiphile ratios and certain 

temperatures.[49] This renders bicelles rather complicated membrane-mimetic 

systems to handle. 

Protein-bounded nanodiscs use mostly amphipathic proteins from the membrane 

scaffold protein (MSP) family, which are derived from apolipoprotein A1, in order 

to stabilize the lipid-bilayer patch (Fig. 3B).[20] Similarly to bicelle-forming lipids, 

MSP cannot recruit nanodisc material directly from a native membrane but 

need to be assembled with the single components.[50] However, MSP nanodiscs are 

stable over a wide range of conditions. 

Polymer-bounded nanodiscs are formed by amphiphilic copolymers, which mostly 

rely on a maleic acid unit as hydrophilic group (Fig. 3C). The most prominent 

members of this group are the negatively charged styrene/maleic acid (SMA)[19] 

and di-isobutylene/maleic acid (DIBMA)[51] copolymers. In contrast with the other 

nanodisc-forming agents mentioned above, these polymers form nanodiscs upon 
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direct application onto native membranes.[19,51] Currently, researchers try to 

overcome the disadvantages inherent to the negatively charged maleic acid groups 

by derivatization of these groups to produce zwitterionic or nonionic 

alternatives.[52] 

Figure 3. Schematic structure of different nanodisc types. (A) Top: Chemical structure of 
short-chained, bicelle-forming DHPC. Bottom: Schematic structure of a bicelle composed 
of such short-chained DHPC (red/gray) and long-chained phospholipids (blue/gray). For 
clarity, DHPC molecules in the front are not shown. (B) Top: Amino acid sequence of 
nanodisc-stabilizing MSP1.[53] Bottom: Schematic structure of a MSP nanodisc stabilized by 
helical MSP1 (magenta). (C) Top: Chemical structure of nanodisc-forming SMA copolymer. 
Bottom: Schematic structure of a copolymer nanodisc stabilized by SMA (violet). 

1.3.3. Glyco-Amphiphiles 

In MP research, the role of the nature of the hydrophilic groups of amphiphiles is 

particularly well understood for conventional head-and-tail detergents. In general, 

ionic, zwitterionic, and non-ionic headgroups can be ranked from harsh to 

mild, in this order.[17,54,55] Therefore, ionic amphiphiles are good solubilizing agents 

but are prone to denature MPs.[54] A well-known example is the use of sodium 

dodecyl sulfate (SDS) for protein unfolding.[56,57] However, owed to the varying 

properties of individual MPs, this does not necessarily exclude ionic detergents as 

membrane mimics; in fact, some ionic detergents, such as lysophospholipids, are 

popular in NMR spectroscopy.[17,54,58] 

From a physicochemical point of view, ionic or zwitterionic amphiphiles are 

particularly sensitive to solution properties such as ionic strength, pH, and 

additives because these properties influence the ionization state of the ionic 

headgroups (cf., amphiphilic polymers). In particular for polymeric amphiphiles 

containing carboxy groups, such as APols, SMA, and DIBMA, the presence of 

divalent cations or low pH values are major restrictions in the usage of these 
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amphiphiles.[51,59] Moreover, in the case of conventional detergents, this leads to 

changes of the CMC,[60–62] which leads to practical restrictions for buffer conditions. 

Additionally, changes of the buffer conditions can also affect the solubilization 

efficiency of ionic amphiphiles as exemplified by poor solubilization efficiency of 

anionic SDS and SMA at an acidic pH.[63] 

Because of above reasons, non-ionic detergents have experienced great 

popularity in MP research as mild alternatives to ionic and zwitterionic 

detergents.[64] Glyco-amphiphiles contain a sugar moiety as headgroup and are a 

particularly interesting group within the non-ionic amphiphiles. The most popular 

sugars used as headgroups are glucose (glucosides; Fig. 4A) and maltose 

(maltosides; Fig. 4B), but the large chemical variety of sugars can be exploited to 

tune the physicochemical properties of newly developed amphiphiles.[65–69] The 

striking majority of 3D MP structures in the last decade were obtained by using 

glyco-amphiphiles, where n-dodecyl-β-D-maltopyranoside (DDM, Fig. 4B) has 

been the most popular choice by far.[64] This popularity is reflected in both MP 

solubilization and structure determination and, therefore it counts as the gold 

standard in MP research. 

Currently, a trend toward nanodisc-forming polymers can be observed in which 

researchers try to substitute or derivatize the maleic acid moieties by sugar 

moieties to render the polymers less charged.[52] Interestingly, this is the same 

historic development that happened to detergents[70] and amphipols.[37] 

 

Figure 4. Exemplary chemical structures of two popular small-molecule glyco-
amphiphiles. (A) n-octyl-β-D-glucopyranoside (OG) with a glucose moiety as headgroup 
and (B) DDM with a maltose moiety as headgroup. 
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1.4. Objectives 

Although glyco-amphiphiles have gained increasing popularity in recent years, two 

major problems persist in membrane-protein research. From an applicational 

viewpoint, there is no magic bullet amphiphile suitable for all membrane 

proteins because they all have unique structures, properties, and requirements. 

Additionally, from a physicochemical viewpoint, we lack the knowledge of a 

complete structure–efficacy relationship between proteins and amphiphiles 

that would facilitate choosing the adequate amphiphile or even enable smart, 

rational design of new amphiphiles. Hence, the objectives of this thesis can be 

concluded to: 

I. Introduction and characterization of novel small-molecule glyco-amphiphiles 

that exhibit favorable properties for the ever-growing toolbox of membrane-

protein research. This includes: 

a. Investigation of the self-association process including determination 

of the CMC and assessment of the colloidal structure. 

b. Investigation of their detergency, that is, solubilization of artificial 

lipid membranes and protein extraction from native membranes. 

c. Assessment of stabilization properties of model membrane proteins 

in the matter of binding, activity, and unfolding assays. 

II. Derive conclusions on structure–efficacy relationships between glyco-

amphiphiles and natural membranes regarding the structural and chemical 

variations tested within the individual manuscripts presented in this thesis. 
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Chapter 2: Examination of Micellization Thermodynamics 

2.1. Synopsis (Manuscript 1) 

Isothermal titration calorimetry (ITC) is a powerful technique to characterize the 

micellization process of micelle-forming amphiphiles. Manuscript 1 introduces the 

software package D/STAIN that facilitates and standardizes ITC demicellization-

curve analysis. To this end, previous methods to determine CMC values and related 

thermodynamic parameters were extended in order to relieve inherent parameter 

correlation. This altered approach is termed as quasi-phenomenological sigmoid 

algorithm (QPSA), as no physical meaning is ascribed to the pre- and post-

transitional baselines. The robustness of the QPSA was tested by analyzing 

demicellization curves spanning a wide range of CMC values, changes in 

micellization enthalpy (ΔHmic
o ), and temperatures. 

D/STAIN offers automated, adaptive, and rigorous confidence-interval 

determination, which is a measure on how reliable obtained fitting parameters are. 

If necessary, the software can use these confidence intervals to detect possible 

parameter correlations. Moreover, D/STAIN was designed to read output files 

obtained from the well-established peak-integration software NITPIC[71] and 

optionally makes use of the herein calculated heat error estimates to weigh the 

integrated heats. Together with a simple interface and an integrated graphical 

parameter view, D/STAIN facilitates investigation of the micellization 

process for newcomers in the field and amphiphile veterans.  
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2.2. Manuscript 1 

 

Fast and Robust Quantification of Detergent Micellization 

Thermodynamics from Isothermal Titration Calorimetry 

Shih-Chia Tso, Florian Mahler, Jonas Höring, Sandro Keller, and Chad A. Brautigam 

Analytical Chemistry, 2020, 92, 1154–1161 

Contribution 

For this work, I performed ITC experiments to thoroughly test the software. 

Furthermore, I suggested software features and participated in editing and revising 

the manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted with permission from S.-C. Tso, F. Mahler, J. Höring, S. Keller, and C. A. 

Brautigam Anal. Chem. (2019) 92, 1, 1154-1161. Copyright 2020 American Chemical 

Society.
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Chapter 3: Investigation of Novel Small-Molecule Glyco-

Amphiphiles 

3.1. Synopsis (Manuscript 2) 

Manuscript 2 introduces novel diastereomeric maltoside amphiphiles with a 

cyclopentane (CP) core group termed cyclopentane-based maltosides (CPMs). Two 

hydrophilic maltose groups and two hydrophobic alkyl chains are attached to the 

CP core group. The CPM series is derived from norbonane-based maltosides 

(NBMs) by breakage of one single bond in the norbonane core (cf., Figure 1 in 

Manuscript 2). Thus, the branched hydrophilic group has an increased 

conformational flexibility leading to (i) increased solubility and (ii) adaption of 

different conformations of the CP core depending on the stereochemical 

configuration of the alkyl chains (cis/trans, CPM-C/T). 

The increased solubility allowed the preparation of CPMs with either C11 or C12 

alkyl chains, contrary to the maximum of C11 for NBMs. As shown by dynamic 

light scattering (DLS), CPM-Ts formed considerably smaller micelles compared with 

their NBM parent molecule. By contrast, the cis configuration (CPM-Cs) led only to 

a minor difference in micelle size. All CPMs showed CMCs between 4 µM and 7 µM, 

comparable to the NBM parent molecules. 

Furthermore, the CPMs were evaluated regarding MP solubilization and long-term 

stabilization using various model MPs including the bacterial leucine transporter 

(LeuT), the melibiose permease (MelBSt), the human β2 adrenergic receptor (β2AR), 

and mouse µ-opioid receptor (MOR). In short, CPM-C12 turned out to be the most 

promising MP-stabilizing agent in this study. It outperformed the gold standard 

DDM on all tested MPs and, moreover, outperformed established amphiphiles of 

similar structures such as NBMs and the GPCR-optimized LMNG. Although, the 

efficacy in particular cases depended on the alkyl chain length and the investigated 

MP, overall, the cis configuration was favorable compared to the trans 

configuration for CPMs. This can be related to the different conformations of the 

CP core. The half-chair conformation of CPM-Cs led to an uneven effective chain 

length between the two hydrophobic chains, which possibly improves adaption to 

the also uneven hydrophobic MP surface. 

Because of the above-mentioned promising results, CPM-C12 was further 

investigated. In addition to the MP stabilization assays, it was used to extract and 

purify the bacterial voltage-dependent potassium ion channel KvAP. Furthermore, 
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to gain a better insight into the solubilization efficiency of CPM-C12, it was tested 

on a broad range of MPs by shotgun MP-extraction from E. coli membranes. 

Additionally, the two comparison detergents X-NBM-C11 and DDM, as well as the 

trans isomer CPM-T12 were tested. CPM-C12 outperformed all three amphiphiles. 

This emphasizes, on the one hand, the wide application of CPM-C12 and, on the 

other hand, the superior properties regarding MP extraction by cis isomers 

compared with trans isomers. 

Moreover, the micellar properties and vesicle solubilization by CPM-C12 were 

investigated. Multi-detection size-exclusion chromatography revealed 

homogeneous micelles and an aggregation number between 60 and 85. When 

applied to artificial POPC vesicles, CPM-C12 solubilized them faster compared with 

X-NBM-C11 and formed considerably smaller micelles as shown by DLS. This 

smaller size is preferable for most biophysical techniques. 

In conclusion, the results presented in this manuscript showed that, in addition to 

the overall structure of branched small-molecule glyco-amphiphiles, the 

stereochemical configuration has a strong effect on both the micellar 

properties as well as on the solubilizing properties.  
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3.2. Manuscript 2 

 

Diastereomeric Cyclopentane-Based Maltosides (CPMs) as Tools 

for Membrane Protein Study 

Manabendra Das, Florian Mahler, Parameswaran Hariharan, Haoqing Wang, Yang 

Du, Jonas S. Mortensen, Eugenio Pérez Patallo, Lubna Ghani, David Glück, Ho Jin 

Lee, Bernadette Byrne, Claus J. Loland, Lan Guan, Brian K. Kobilka, Sandro Keller, 

and Pil Seok Chae 

Journal of the American Chemical Society, 2020, 142, 51, 21382–21392 

Contribution 

For this work, I designed and performed size-exclusion chromatography (Fig. 4a–

b), artificial vesicle solubilization (Fig. 4c-d and Fig. S10), and E. coli membrane-

protein extraction experiments (Fig. 5). I also analyzed and interpreted the 

corresponding data. For the original draft, I wrote the corresponding sections of 

the manuscript. 

 

 

 

 

 

 

 

 

 

 

 

Reprinted with permission from M. Das, F. Mahler, P. Hariharan, H. Wang, Y. Du, J. S. 

Mortensen, E. Pérez Patallo, L. Ghani, D. Glück, H. J. Lee, B. Byrne, C. J. Loland, B. K. 

Kobilka, S. Keller, and P. Seok Chae J. Am. Chem. Soc. (2020) 142, 51, 21382-21392. 

Copyright 2020 American Chemical Society. 
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3.3. Synopsis (Manuscript 3) 

In Manuscript 3 the synthesis of three polymerizable, detergent-like amphiphiles, 

so-called surfmers is described and they were characterized in terms of their 

micellization, micellar size, and detergency. 

Overall, the structure of these novel surfmers resembles the structure of the 

detergent gold standard DDM onto which either a methacrylamide (LC048 and 

LC049) or an acrylamide (LC058) moiety was grafted. In future studies, these 

moieties are expected to enable polymerization of the surfmers. Additionally, 

a CH2 group in the hydrophobic chain of LC049 was substituted by one oxygen 

atom. 

Micellization was explored by surface tensiometry (ST) and ITC. It turned out that 

the addition of different amide bonds lowered the hydrophobicity of the surfmers 

compared with DDM. This was reflected in higher CMC values as well as in lower 

entropic contributions (TΔSmic
o ) to the change in Gibbs free enthalpy (ΔGmic

o ) as 

determined for LC049 and LC058. This is readily explained by the polarity of amide 

bonds, which increases the hydrophilic interactions of the amphiphile with water. 

Comparison between LC048 and LC058 reveals that the effect of acrylamide 

addition was slightly stronger than that of methacrylamide. Comparison of LC048 

and LC049 shows that the oxygen substitution remarkably lowers the 

hydrophobicity. 

Contrary to micellization, only a minor influence of the amide bond was found 

regarding micelle sizes. This was revealed by DLS experiments which gave similar 

hydrodynamic diameters (dH) for DDM micelles and all surfmer micelles. 

To assess detergency of the surfmers, kinetic solubilization experiments for 

artificial POPC vesicles and shotgun MP extraction on E. coli membranes were 

performed. Because of its low water solubility, LC048 was omitted from these 

experiments. Instead, the monomeric unit of NAPol, LC027, was included for 

comparison. 

The new surfmers readily solubilized POPC vesicles and exhibited rather fast 

solubilization kinetics: While LC027 took about 5 h to completely solubilize the 

POPC vesicles, the new surfmers took less than 1 h. However, LC049 either formed 

large mixed micelles with POPC or only partly solubilized the vesicles as the 

scattering intensity was considerably higher than for the other surfmers. 
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All new surfmers were shown to extract MPs of various sizes from biological 

membranes, as shown by SDS-PAGE. This indicates a wide potential application 

possibility in MP research. Quantification gave overall moderate extraction 

efficiencies for the three surfmers in comparison to DDM. For concentrations of 

1 mM or 2 mM above the CMC, the surfmers outperformed DDM. However, at 

10 mM above the CMC, they only yielded 30–50% of the MP extraction. 

Furthermore, the surfmers were applied to extract recombinantly produced MPs, 

namely human wild-type GPCR adenosine receptor (A2AR) and the bacterial 

transporter AcrB. For A2AR, the surfmers alone were similarly efficient as a 

reference detergent mixture. When used as additives to the reference mixture, the 

extraction yields even increased. In the case of AcrB, the surfmers performed 

rather poorly, reaching less than 50% of the extraction yield of DDM. However, no 

negative effects were observed when the new monomers were used as additives 

to DDM. 

Taken together, these findings show that chemical additions and substitutions 

can have variably strong effects on different properties of small-molecule 

glyco-amphiphiles.  
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3.4. Manuscript 3 

 

Detergent-Like Polymerizable Monomers: Synthesis, 

Physicochemical, and Biochemical Characterization 

Christophe Bonnet, Pierre Guillet, Florian Mahler, Sébastien Igonet, Sandro Keller, 

Anass Jawhari, and Grégory Durand 

European Journal of Organic Chemistry, 2020, 33, 5340–5349 

Contribution 

For this work, I designed and performed experiments for CMC determination via 

ITC (Fig. 2A), determination of dH via DLS (Fig. 2C), and assessment of detergency 

via artificial vesicle solubilization (Fig. 3) and native E. coli MP extraction (Fig. 4). 

I also analyzed and interpreted the corresponding data. 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted with permission from C. Bonnet, P. Guillet, F. Mahler, S. Igonet, S. Keller, A. 

Jawhari, and G. Durand Eur. J. Org. Chem. (2020) 5340-5349. Copyright 2020 

Wiley-VCH GmbH. 
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3.5. Synopsis (Manuscript 4) 

In Manuscript 4, the self-assembly and the properties of native nanodiscs formed 

by either a hydrocarbon (DDDG) or a fluorocarbon (F6ODG) diglucoside amphiphile 

and lipids were investigated. Both diglucoside amphiphiles contain the same 

headgroup consisting of mainly two branched glucose moieties, a linker group, and 

one hydrophobic chain. The latter consists of either a conventional C12 

hydrocarbon chain in the case of DDDG or a polyfluorinated C8 fluorocarbon chain 

in the case of F6ODG. The fluorination of the last 6 carbons renders F6ODG not only 

hydrophobic but also lipophobic, which, in turn, conveys peculiar properties to the 

amphiphile and, subsequently, to the nanodiscs. 

The diglucoside amphiphiles are able to directly extract lipids and proteins from 

artificial and biological membranes of different complexity and form native 

nanodiscs with a lipid bilayer core. These membranes include chemically 

defined, artificial vesicles with a model MP and, more importantly, highly 

heterogeneous, native E. coli membranes. The self-assembly of nanodiscs from 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and F6ODG was investigated 

herein in great detail. With the combination of 19F and 31P NMR, DLS, and 

fluorescence spectroscopy, a sequential model for the self-assembly process was 

proposed. This model includes (i) the perforation of the DMPC bilayer at sub-

solubilizing concentrations of the diglucoside amphiphile, (ii) the saturation of the 

DMPC bilayer and subsequent onset of nanodisc formation, and, (iii) the 

completion of nanodisc formation with all DMPC molecules present in nanodiscs 

and, thus, the completion of the solubilization process. Moreover, with the aid of 

ITC, the DMPC solubilization by DDDG and F6ODG was tracked at varying lipid 

concentrations yielding pseudophase diagrams for mixtures with each diglucoside 

amphiphile. 

The architecture of the nanodiscs containing various lipid species and MPs was 

determined by transmission electron microscopy (TEM) and DLS. Discoidal 

nanostructures with a thickness of about 5 nm and diameters between 10 nm and 

40 nm were observed. Moreover, the integrity of the lipid bilayer core of DMPC 

nanodiscs was monitored by the solvent-sensitive fluorescence probe laurdan, 

differential scanning calorimetry (DSC), and time-resolved Förster resonance 

energy transfer (FRET). Laurdan fluorescence as well as DSC measurements 

revealed a thermotropic phase transition temperature (Tm) close to 24°C. This 

suggests a low impact of the diglucoside amphiphiles on the harbored 
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DMPC lipid bilayer core, because the physicochemical properties were only 

slightly affected. Comparing both diglucoside amphiphiles, it turned out that F6ODG 

is the gentlest amphiphile to the membrane core, as reflected by small changes of 

Tm. Moreover, for F6ODG, FRET experiments revealed a lower lipid exchange by 

lipid monomer diffusion and nanodisc collisions compared with DDDG. While the 

first emphasizes the high bilayer integrity, the latter shows that the lipophobicity 

of F6ODG enhances the separation of the individual bilayer cores. The mild 

character of fluorocarbon nanodiscs was further emphasized by applying F6ODG 

nanodiscs to the enzyme outer membrane phospholipase A1 (OmpLA). In fact, no 

difference in enzymatic activity could be observed for OmpLA present in vesicles 

and in fluorocarbon nanodiscs, whereas its activity in hydrocarbon nanodiscs was 

slightly decreased. 

In summary, the findings presented in Manuscript 4 are twofold. First, it shows 

that the structure and molecular shape of amphiphiles are important 

properties for the resulting aggregate formation with lipids. Second, the 

substitution of hydrocarbon by fluorocarbon is not only beneficial for 

MP/fluorinated amphiphile interactions. In this particular case, the interactions 

between MP-surrounding lipids and the fluorinated amphiphile render a 

preferable environment for MPs.  
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3.6. Manuscript 4 

 

Self-Assembly of Protein-Containing Lipid-Bilayer Nanodisc from 

Small-Molecule Amphiphiles 

Florian Mahler, Annette Meister, Carolyn Vargas, Grégory Durand, and Sandro 

Keller 

Small, 2021, 2103603 

Contribution 

For this work, I designed and performed all experiments except TEM imaging. For 

TEM, I prepared samples and grids containing POPC and DDDG (Fig. 2C), samples 

containing OmpLA (Fig. 8A), and samples containing native E. coli membranes 

(Fig. 8B). This manuscript contains minor contributions from my diploma thesis, 

namely, data for OmpLA solubilization and related activity measurements 

(Fig. 8D–E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted by permission given under the terms of the Creative Commons CC BY 4.0 license.
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3.7. Associated Results (Manuscript 4) 

In Manuscript 4, it was shown that DDDG and F6ODG self-assemble into native 

nanodiscs upon addition to lipid bilayers of different composition. Moreover, the 

fluorocarbon chain of F6ODG conveys peculiar properties onto the nanodiscs. In 

this section, the results of the corresponding experiments that were performed 

using decyl diglucoside (DDG) are presented. These experiments elucidate the 

impact of the hydrophobic chain length of the amphiphiles on the nanodisc 

architecture, integrity, and self-assembly. Moreover, F6ODG and DDG were 

designed to have similar hydrophobicities, that is, similar CMC values. 

3.7.1. Experimental and Theoretical Section 

Experimental Procedure 

All experiments were performed as described in Manuscript 4. Concentration 

differences are indicated in the respective figure captions. 

Theoretical Background 

Free energies for the transfer of lipid (L) or surfactant (S, i.e., amphiphile) from a 

vesicular bilayer (v) to a nano-sized micelle (m) or nanodisc (d) can be calculated 

with the information obtained by a pseudophase diagram (e.g., Fig. 3.5B) for 

lipid/amphiphile mixtures. In detail, the slopes of the pseudophase boundaries for 

saturation of the vesicular bilayer (RSat) and the completion of solubilization (RSol) 

can be used to calculate the critical mole fractions of the surfactant in the vesicular 

and the nanodisc/micelle phase, XS
v,Sat and XS

d,Sol, respectively: 

 XS
v,Sat= RSat

1+RSat
 (1) 

 XS
d,Sol= RSol

1+RSol
 (2) 

Furthermore, the partition coefficients characterizing the transfer of lipids and 

surfactant from the vesicular phase to the nanodisc/micelle phase are given by the 

ratios of the critical mole fractions: 

 KL
v→d= XL

d,Sol

XL
v,Sat =

1-XS
d,Sol

1-XS
v,Sat =

1+RSat

1+RSol
 (3) 

 KS
v→d=

XS
d,Sol

XS
v,Sat =

RSol(1+RSat)
RSat(1+RSol)

=
RSol

RSat
KL

v→d (4) 

Finally, these partition coefficients can be used to calculate the corresponding 

change in standard molar Gibbs free energies of transfer from the vesicular phase 

into the nanodisc/micelle phase: 
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 ΔGL
v→d,o=-RTln(KL

v→d) (5) 

 ΔGS
v→d,o=-RTln(KS

v→d) (6) 

3.7.2. Results 

Bilayer Architecture and Integrity 

Upon addition of DDG to lipid bilayers of different composition, the mixture 

spontaneously reorganized into discoidal structures. This was observed for pure 

artificial vesicles formed by either DMPC or POPC (Fig. 3.1A–B), as well as for 

artificial POPC vesicles containing the model MP OmpLA (Fig. 3.1C). For the 

mentioned samples, discoidal structures with a diameter of roughly 20 nm were 

visible in TEM images, similar to those shown in Manuscript 4. This suggests that 

DDG also induces nanodisc self-assembly. Unfortunately, no clear disc 

formation could be observed for DDG/E. coli membrane mixtures with TEM. 

 

Figure 3.1. Formation of lipid-bilayer nanodiscs. TEM images of diglucoside nanodiscs 
made from (A) 0.3 mM DMPC solubilized by 0.8 mM DDG at 30°C, (B) 0.3 mM POPC 
solubilized by 3.2 mM DDG at room temperature, and (C) 0.3 mM POPC with 1 µM OmpLA 
solubilized by 3.2 mM DDG at room temperature. Scale bars for all micrographs are 
100 nm, as indicated in micrograph A. Arrows indicate edge-on views of nanodisc rouleaux. 

To investigate the integrity of the bilayer core of DDG nanodiscs in terms of gel-

to-fluid phase transition, laurdan fluorescence and DSC experiments were 

performed. Similarly to DDDG and F6ODG, the generalized polarization (GP) values 

over the measured temperature range were between those measured for DMPC 

vesicles and DDM/DMPC mixed micelles (Fig. 3.2A). However, the sigmoidal shape 

was only weakly pronounced, which suggests a small cooperative unit of lipids for 

the phase transition in DDG nanodiscs. Therefore, the generic, model-free fit as 

described in Manuscript 4 failed to yield a reasonable value for Tm. Instead, the 

numerical derivative of the fit was calculated to determine the inflection point (i.e., 
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the minimum of the derivative), which yielded Tm = 23.0°C. Moreover, DSC 

upscans gave similar results: The peak in the change of differential isobaric heat 

capacity (ΔCp) of DDG nanodiscs was poorly defined and its maximum yielded 

Tm = 21.7°C. 

 

Figure 3.2. Gel-to-fluid phase transition of DMPC in diglucoside nanodiscs by laurdan 
fluorescence and DSC. (A) Laurdan generalized polarization (GP) for DDG nanodiscs, 
DDM/DMPC mixed micelles, and unilamellar DMPC vesicles. 2 mM DMPC in the form of 
unilamellar vesicles containing 0.5 mol% laurdan was solubilized by addition of 5 mM DDM 
or 3.5 mM DDG. (B) Change in differential isobaric heat capacity (ΔCp) derived from DSC 
upscans for vesicles, hydrocarbon nanodiscs, and fluorocarbon nanodiscs. For nanodiscs, 
4 mM DMPC in the form of vesicles was solubilized with 4 mM DDDG, DDG, or F6ODG. This 
graph is an extended version of the one shown in Manuscript 4. 

Furthermore, the kinetics of lipid exchange among DDG nanodiscs were 

investigated with the aid of nanodiscs containing two fluorescently labeled lipids 

that act as a FRET pair: N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-

1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (NBD-DHPE) and 

rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Rh-DHPE). 

Figure 3.3A shows that with increasing concentrations of unlabeled nanodiscs, the 

donor fluorescence reaches equilibrium faster. Global fitting allowed for dissection 

into contributions from diffusional lipid transfer (kdif) and collisional transfer (kcol; 

cf., Equation 3 in Manuscript 4). The comparison to other membrane mimics 

revealed that the exchange kinetics were similar to that of DDDG and 

SMA(2:1) nanodiscs (Fig. 3.3B). In more detail, kdif was less than 1∙10−3 s−1 

smaller for DDG compared with DDDG nanodiscs and kcol was about 2 times higher 

for DDG. This reflects a similar bilayer integrity for both hydrogenated diglucoside 

amphiphiles but a considerably faster lipid exchange by collisions for DDG 

nanodiscs. For comparison, detailed numeric values are summarized in Table 1. 
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Figure 3.3. Lipid exchange among fluorescently labeled and unlabeled nanodiscs formed 
by diglucoside amphiphiles at 35°C. (A) DMPC vesicles with and without NBD- and Rh-
labeled lipids were solubilized into 25 nm-sized nanodiscs by DDG. Shown are normalized 
fluorescence dequenching curves (colored) and corresponding global best-fits (black). 
(B) Observed lipid-exchange rate constants (kobs) of various membrane mimics across a 
broad range of lipid concentrations. Values for DDG were derived from the results shown 
in panel A. Values for SMA(3:1),[72] SMA(2:1),[73] MSP,[74] and vesicles[75] were obtained 
from the literature. Values for DDDG and F6ODG are from Manuscript 4. 

Table 1: Transfer rates determined by global fitting of time-resolved FRET data for 
diffusional lipid exchange (kdif) and collisional lipid exchange (kcol). Given are best-fit values 
and 95% confidence intervals. 

Amphiphile kdif / 10−3 s−1 kcol / s−1 M−1 Chain length 

F6ODG 0.535 ± 0.002 0.301 ± 0.001 C8 

DDG 8.56 ± 0.02 6.29 ± 0.01 C10 

DDDG 9.35 ± 0.04 3.65 ± 0.02 C12 

 

Bilayer Perforation and Self-Assembly Process of Hydrogenated 

Diglucoside Amphiphiles  

To monitor the perforation process of DDDG- and DDG-mediated vesicle 

solubilization, NBD bleaching kinetics were evaluated for labeled DMPC vesicles 

treated with increasing DDDG and DDG concentrations. The determined 

characteristic NBD bleaching times (τ) decreased already at low concentrations of 

diglucoside amphiphile (Fig. 3.4). Contrary to the results for F6ODG, τ values 

between the starting value and the values for medium concentrations were 

observed, most likely indicating different degrees of perforation. However, it 
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cannot be distinguished whether only a small number of vesicles became 

permeable, or all vesicles became partially permeable. For medium concentrations, 

the NBD bleaching for DDG-treated vesicles was considerably faster than for 

vesicles treated with DDDG or F6ODG. 

 

Figure 3.4. Characteristic NBD bleaching times, τ, in dependence of (A) the DDDG 
concentration and (B) the DDG concentration. τ values were derived from the area under 
the ΔF/Fbl curves. Error bars are standard errors derived from replicates. Dashed lines 
indicate threshold concentrations for bilayer perforation (Per), saturation (Sat), and 
complete solubilization (Sol). 

Similarly to F6ODG and DDDG, as outlined in Manuscript 4, the self-assembly 

process of DDG was monitored by ITC solubilization experiments (Fig. 3.5). The 

isotherm showed a short plateau of endothermic reaction heats before the signal 

inverted around the perforation concentration to largely exothermic heats for 

increasing DDG concentrations. For further increasing DDG concentrations, the 

heats raised again close to zero before noise signal dominated. This noise is 

indicative for the formation of large aggregates and was used to estimate the onset 

(i.e., saturation) and completion of solubilization (cf., DDDG in Manuscript 4). 

Finally, a broad endothermic peak was observed for high concentrations, which 

decreased to zero with further titrations (Fig. 3.5A). 

Performing ITC solubilization experiments at different DMPC concentrations 

enabled the establishment of a pseudophase diagram for DDG/DMPC 

mixtures at 35°C (Fig. 3.5B). To this end, the DDG and DMPC concentrations of 

the inflection point of the first, large inversion of heats representing the perforation 

concentration, the beginning of the noise-dominated concentration range 
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indicating the saturation concentration, and the end of this range indicating the 

complete solubilization concentration, were plotted. Furthermore, the 

pseudophase boundaries were determined by global fitting of individual slopes for 

each boundary and one common y-axis intercept (cmon) indicating the DDG-

monomer concentration present in the aqueous phase (Table 2). 

 
Figure 3.5. DDG/DMPC pseudophase diagram. (A) ITC isotherm of the solubilization of 
initially 3 mM DMPC by DDDG. Threshold concentrations (dashed lines) were estimated by 
similar features as found for DDDG. (B) Pseudophase diagram established from ITC 
measurements such as in panel A (symbols). Global fitting was performed to yield phase 
boundaries (dashed lines). 

Table 2: Parameters of the diglucoside/DMPC pseudophase diagrams at 35°C and derived 
transfer free energies for lipids (L) and diglucosides (S). Given are the best-fit values and 
95% confidence intervals. 

Amphiphile F6ODG DDDG DDG 

cmon / mM 0.32 ± 0.14 0.12 (0.00–0.34) 0.32 ± 0.15 

RPer 0.17 ± 0.06 0.11 ± 0.08 0.08 ± 0.05 

RSat 0.43 ± 0.06 0.45 ± 0.09 0.38 ± 0.05 

RSol 0.72 ± 0.06 0.82 ± 0.09 0.55 ± 0.05 

ΔGL
v→d,o / kJ mol−1 0.47 0.58 0.30 

ΔGS
v→d,o / kJ mol−1 −0.85 −0.96 −0.65 

 

Moreover, from the diglucoside amphiphile/DMPC ratios RSat and RSol the transfer 

free energies from vesicles (v) to discs (d) for lipid molecules, ΔGL
v→d,o, and 

surfactants (i.e., amphiphiles), ΔGS
v→d,o, could be calculated according to 

Equations 1–6 (Table 2). The ratio of these transfer energies can be used to 
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estimate the solubilization power of different solubilizing agents.[76] To this 

end, the values for diglucoside amphiphiles were plotted with those of comparable 

solubilizing agents, which are nanodisc-forming polymers and a fluorinated 

surfactant (Fig. 3.6). From this plot it becomes apparent that membrane 

solubilization by amphiphilic copolymers is characterized by low lipid transfer free 

energies, whereas for the fluorinated F6OM this value is about 10-fold higher. 

Except for DIBMA, all amphiphiles plotted exhibited similar amphiphile/surfactant 

standard molar transfer free energies slightly below −1 kJ mol−1. The values for 

the three diglucoside amphiphiles lie close together just below the empirical 

boundary ΔGL
v→d,o = -0.65 ΔGS

v→d,o, separating weak and strong solubilizers.[76]  

 

Figure 3.6. Thermodynamic classification of membrane-solubilizing amphiphiles. Free 
energies of vesicle-to-micelle (F6OM) or vesicle-to-nanodisc (rest) transfer for lipid (L) and 

surfactant (S), ΔGL
v→d,o and ΔGS

v→d,o, respectively. Data for the diglucoside amphiphiles can 
be found in Table 2. Data for F6OM,[77] SMA(2:1),[78] SMA(3:1),[76] and DIBMA[51] are from 
the literature. The dotted line, separating weak and strong solubilizers is an empirically 

determined threshold defined by ΔGL
v→d,o = -0.65 ΔGS

v→d,o.[76] 
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Chapter 4: Discussion 

4.1. Novel Small-Molecule Glyco-Amphiphiles for Membrane-

Protein Research 

This work focused on the biophysical characterization of novel small-molecule 

glyco-amphiphiles, which make use of different design principles to render 

them milder compared with conventional detergents. To this end, the self-

assembly as well as solubilization properties towards artificial membranes and 

natural membranes containing MPs were investigated. Moreover, extraction and 

stabilization of different model MPs were evaluated for selected novel amphiphiles. 

The obtained results provide valuable information on the advantages and 

disadvantages of each amphiphile. For example, these are solubilization properties 

towards artificial and natural membranes and, most important, stabilization 

properties, which were probed for different model MPs. 

4.2. Characterization of Micelle Self-Assembly 

4.2.1. CMC values 

Precise knowledge of the CMC under distinct experimental conditions is pivotal for 

selection and application of small-molecule amphiphiles in MP research. The QPSA 

presented in Manuscript 1 proved to yield robust thermodynamic parameters and 

CMC values from demicellization isotherms in this manuscript, in Manuscript 3, and 

another recently published study.[79] Additionally, demicellization isotherms of 

several hitherto unpublished fluorinated amphiphiles were successfully analyzed. 

Moreover, the distribution as a stand-alone software with several practical and 

comfort features allows easy, automated, and reliable characterization of the 

mentioned parameters for scientists of different expertise levels. This is an 

improvement over earlier approaches as they needed to be set up in a spreadsheet 

software and, thus, required basic programming knowledge or the spreadsheet 

needed to be requested from the authors.[80,81] 

As mentioned above, with the aid of the QPSA, Manuscript 3 revealed that addition 

of polymerizable (meth)acrylamide groups decreases the hydrophobicity of the 

surfmers compared with the similar DDM. This was reflected by the increased CMCs 

of LC048 and LC058 and lower gains in free enthalpy upon micellization. However, 

for LC049, the additional substitution of the fourth carbon of the hydrophobic chain 

by an oxygen atom led to a much more pronounced decrease of hydrophobicity 
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and thus an about 30 times higher CMC and even lower gains in free enthalpy. 

Similar observations were made for classical maltosides and maltosides with either 

an additional oxygen atom or an amide bond in the alkyl chain.[33] Comparison of 

n-tridecyl-β-D-maltopyranoside (TDM) and a derivative with an oxygen atom 

substituting a CH2 group revealed that the CMC of this derivate was 33 times higher 

than that of TDM, which is very close to the factor determined for LC048 and 

LC049. This leads to the conclusion that the chemical nature of a modification 

can be much more important than its size. 

The investigation of branched amphiphiles in Manuscript 2 revealed two distinct 

features influencing their CMC. First, the influence of different stereo confirmations 

was investigated and second, the influence of alkyl chain lengths could be 

investigated. The effect of the latter is well known for conventional head-and-tail 

amphiphiles. However, the decrease in CMC in dependence on hydrophobic chain 

length for detergents with two hydrophobic chains deviates from Traube’s law as 

no common factor was found for different amphiphile series.[82–87] In fact, the 

group from which the CPMs were derived did not even show a constant factor 

within the homologous series.[84] For the presented CPMs, an additional CH2 group 

in each alkyl chain decreased the CMCs by a factor of ~0.75, regardless of the cis 

and trans confirmation. This falls into the range of the factors observed for NBMs. 

When comparing NBMs and CPMs, they exhibit the same trend of trans isomers 

having slightly lower CMC values than their cis isomers. Comparing the parent 

NBMs to the analog CPMs shows a difference between the two stereo isomers. 

When changing from the norbornane core to the cyclopentane core, by removing 

one restrictive C–C bond, almost no change of the CMC could be observed for 

CPM-C11. On the other hand, the CMC of CPM-T11 was lowered by factor of 0.8 

compared with X-NBM-C11. Although the change in CMC is rather minor, it is 

surprising to find a difference between the trans isomers because density-

functional theory calculations revealed very similar energy-optimized 

conformations for NBMs and CPMs in trans configuration. However, this shows that 

stereochemistry influences self-aggregation properties of branched 

amphiphiles just as it does for head-and-tail amphiphiles.[66,68,69] Moreover, it 

shows that the amphiphile stereochemistry can be tuned by relatively small 

changes like removal of a single C–C bond. 

Fluorocarbon amphiphiles such as presented in Manuscript 4 are well-known for 

their low perturbation towards MPs but also for their high hydrophobicity.[88,89] 
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Because of the low polarizability of fluorine in fluorocarbon compounds, they are 

more hydrophobic than analog hydrocarbon compounds. In particular, for 

highly fluorinated carbon chains, the contribution of one CF2 group can be 

estimated to the contribution of 1.5 CH2 groups.[90,91] This could be verified with 

several other fluorocarbon surfactants,[92] as well as with a series of diglucoside 

surfactants[93,94] which the fluorinated compound from Manuscript 4 belongs to. 

Therefore, the CMC values of F6ODG (C8) and DDG (C10) are similar despite their 

different chain lengths. 

4.2.2. Micelle Architecture 

Among all amphiphiles investigated, the biggest impact on micellar shape was 

found for CPM-T11. In detail, when the C–C bond of X-NBM-C11, which restricts 

the flexibility of the two maltose moieties, was removed in order to derive 

CPM-T11, dH of the micelles decreased from 34.6 nm to 7.6 nm. This is readily 

explained by an altered molecular geometry. While X-NBM-C11 with its particularly 

restricted maltose moieties and two long alkyl chains possesses a cylindrical shape 

and most likely assembles into rod-like micelles,[84,95] CPM-T11 has more flexible 

maltose moieties, which led to a conical shape and subsequent to self-assembly 

into spherical micelles. A similar difference was observed for shorter chain X-NBM 

variants. Owed to the shorter alkyl chains, the molecular geometry was more 

conical; therefore, shorter NBM variants assembled into small, spherical 

micelles.[84] Similarly, the popular LMNG was also found to form large, rod-like 

micelles[96] whereas shorter chain analogs formed small, spherical micelles.[83] 

On the contrary, removing the C–C bond of D-NBM-C11 in order to derive 

CPM-C11, showed almost no difference in micellar size. Considering the drastically 

different conformations revealed by density-function theory calculations, this was 

rather surprising. The trans isomers with their envelope conformation are similar 

to the conformation of NBM whereas the cis isomers adapted a half-chair 

conformation, which led to a twisted arrangement of its functional groups. 

However, this finding shows that drastic conformational changes not necessarily 

convey drastic changes to micellar aggregation but even small modifications of 

amphiphile structure can lead to drastic changes in their self-assembly. 

Comparing the CPMs among each other, one can see that the CPM-Cs form slightly 

smaller micelles than the CPM-Ts with the same alkyl chain length. This trend is 

similar to what has been observed for the parental NBM series.[84] Finally, when 
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the alkyl chain length was increased from C11 to C12, the micellar diameter hardly 

changed compared with that of conventional detergents.[97] 

The additions of methacrylamide and acrylamide to DDM that yielded the 

monomers LC048 and LC058 from Manuscript 3, led to a slight decrease in micellar 

diameter from 7.2 nm for DDM to ~6 nm for the monomers. This minor decrease 

in micelle diameter can be explained by a slightly more conical shape, which is 

caused by the presence of the rather hydrophilic (meth)acrylamide (cf., 

4.2.1. CMC values). Since these groups were attached at the second carbon atom 

of the alkyl chain, these additional hydrophilic groups can likely interact with 

water molecules at the interface and consequently increase the required space for 

the headgroup. Contrarily, an increase in micellar size could be observed when 

short, hydrophobic hydrocarbon[98] or fluorocarbon[99] chains were added at similar 

positions of the alkyl chain. 

It is of note that, although the substitution by an oxygen atom in the structure of 

LC049 had a major impact on the CMC, it had almost no influence on dH of the 

micelle. Compared with LC048, the diameter decreased by 0.3 nm. Hence, it can 

be concluded that for additional groups located near the headgroup, the 

hydrophobicity plays a major role in how the micellar size is affected, this is, if it 

is decreased or increased. Moreover, the size of the group also determines how 

strong this influence is. 

The micellar properties of the diglucoside amphiphiles presented in Manuscript 4 

were described in earlier publications, separately.[93,94,100] Note that F6ODG was 

named F6H2-DigluM in the respective study. By combining the results for the 

hydrogenated and the fluorinated series, it becomes obvious that fluorination of 

the hydrophobic chains leads to an increase in micellar dH. This observation 

is readily explained by the stiffer and bulkier nature of fluorocarbon chains 

compared with hydrocarbon chains, leading to a rather extended chain 

conformation.[31] This is a direct result of the peculiar properties that are conveyed 

by the fluorocarbon chain. 

4.3. Investigation of Detergency 

4.3.1. Solubilization of Artificial Membranes 

Artificial lipid vesicles consisting of only one or a few lipid species represent a 

simple and easy-to-handle model system, not just for MP research but also for 

initial amphiphile characterization. To this end, the solubilization efficiency of 
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newly developed amphiphiles are often tested on artificial vesicles in order to 

extrapolate those results to MP extraction. However, this type of experiments relies 

on the assumption that—in the case of Manuscripts 2–4—one single lipid species, 

namely POPC, can mimic the most essential properties of a complex and 

heterogenous natural bilayer membrane. Thus, solubilization properties towards 

artificial membranes do not necessarily translate into similar properties towards 

natural bilayers and vice versa. 

Most tested amphiphiles were shown to solubilize POPC vesicles at 25°C in a 

reasonable time (i.e., within 24 h). The most potent solubilizers were the 

monomers LC049 and LC058 from Manuscript 3. They required less than 30 min 

to completely solubilize the POPC vesicles. In contrast, the monomeric unit of 

NAPol, LC027, took ~4 h to achieve complete solubilization under the same 

conditions. The major differences between the structures of LC027 and the new 

monomers are, on the one hand, the branched arrangement of the two glucose 

moieties in the headgroup and, on the other hand, the length of the hydrophobic 

chain. The latter is owed to an additional linker group between the headgroup and 

the alkyl chain because of different synthetic routes. Thus, the molecular geometry 

between the maltose monomers and LC027 is different, which was shown to be a 

determining factor for the solubilization kinetics and mechanism.[101,102] An 

particularly crucial factor is how fast amphiphiles can translocate from the 

accessible outer leaflet of a vesicle into the inner leaflet of a vesicle.[103–105] This 

flipping is largely determined by the charge/polarity and size of the hydrophilic 

headgroup.[104,105] Hence, the slower solubilization of LC027 can be explained by 

the bulkier diglucose headgroup[106] compared with the maltose groups of LC049 

and LC058. Moreover, considering the hydrogenated diglucoside amphiphiles 

related with Manuscript 4, the headgroup dependence is further emphasized. The 

two longer chained diglucosides both required 1.5 h for complete solubilization, 

while the shortest variant, octyl diglucoside (ODG), even required ~6 h.[94] The 

slow solubilization by ODG can possibly be explained by a low partitioning into the 

lipid bilayer related to its low hydrophobicity (cf., its CMC[94]). 

The only studied amphiphiles that required heating to solubilize the POPC vesicles, 

are the fluorinated diglucoside amphiphiles related to Manuscript 4.[93] The 

necessity of heating to solubilize vesicles indicates insufficient translocation across 

the membrane at ambient temperatures.[107] This is related to (i) the relatively 

high lipophobicity of the fluorocarbon chains and (ii), again, to the bulky diglucose 
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headgroup. In contrast, fluorinated, maltose-bearing amphiphiles exhibited vesicle 

solubilization already at 25°C.[77,92] This also indicates, that a branched diglucose 

headgroup conveys worse solubilization properties towards POPC vesicles 

compared with a linear maltose headgroup. Within the fluorinated diglucoside 

series, POPC solubilization kinetics at 50°C were determined by the length of the 

fluorocarbon chain, resulting in slower solubilization for the longer and thus more 

lipophobic amphiphiles.[93] Overall, this demonstrates how crucial it is for 

fluorinated amphiphiles to find a balance between fluorination—rendering the 

amphiphile mild—and solubilization power. 

Unfortunately, only selected branched amphiphiles were tested in certain 

experiments in Manuscript 2. Hence, solubilization properties of the commercially 

available X-NBM-C11 and the most promising CPM-C12 were tested, although they 

are not directly related. It was found that the straight and restricted X-NBM-C11 

required 15–20 h for complete solubilization. On the contrary, the kinked and more 

flexible CPM-C12 completely solubilized the POPC vesicles within ~2 h, which is 

similar to the hydrogenated head-and-tail amphiphiles. This finding is particularly 

interesting as the headgroups of these branched amphiphiles is much larger 

compared with the tested head-and-tail amphiphiles. Overall, the large difference 

in solubilization kinetics between CPM-C12 and X-NBM-C11 emphasizes the 

importance of seemingly minor changes, such as stereochemistry and single 

restrictive bonds in the amphiphile structure. 

4.3.2. Solubilization of Natural Membranes 

When assessing the MP extraction efficiency of newly developed amphiphiles, there 

are basically two approaches. One is to study the extraction efficiency of one or 

more model MPs. The obtained results on the extraction of the individual model 

MPs can be extrapolated to MPs of interest, provided they have a similar structure. 

However, since this information is rather sparse on MPs in general, one should at 

least choose models from the same class of MPs. The other approach is to simply 

solubilize natural membranes and monitor the total MP extraction in a “shotgun” 

extraction experiment. Provided that the amphiphile is non-selective towards a 

wide range of MPs, the potential overall extraction can be estimated by such 

shotgun extractions. Such experiments were performed in Manuscript 2 and 3, as 

well as in the previous publications about the diglucoside amphiphiles.[93,94] 

However, it is of note that DDM exhibits a particularly high specificity for the outer 

membrane protein A (OmpA), which can be seen as a particularly strong band 
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around 35 kDa in SDS-PAGE. Moreover, one must keep in mind that extraction 

experiments are affected by two factors: (i) the initial extraction efficiency and 

(ii) the stabilizing ability of an amphiphile keeping the MPs soluble. 

All tested amphiphiles showed distinct band patterns on the SDS-PAGE indicating 

the extraction of different subsets of the E. coli membrane proteome. 

Moreover, for some amphiphiles the concentration dependent total extraction 

showed individual differences as well. However, as expected, most amphiphiles 

revealed an increase in total extraction with increasing concentration. Together, 

this already emphasizes the importance of both MP-specific requirements and 

amphiphile-specific extraction properties. Interestingly, except for two fluorinated 

diglucoside amphiphiles, all novel amphiphiles outperformed the gold standard 

DDM at concentrations just 1 and 2 mM above the CMC. Such high extraction 

efficiencies at low amphiphile concentrations are particularly interesting for 

techniques such as electron microscopy because large amounts of, for example, 

empty micelles lower the quality of electron micrographs.[108,109] 

To make the shotgun MP extraction results easier to compare to each other, the 

total extraction yield was calculated by summing up the extraction yields for all 

four tested concentrations and dividing it by the total extraction yield of DDM. 

These normalized total MP extractions are summarized in Table 3. For CPM-C12, 

this revealed a normalized total extraction yield of 1.77 relative to DDM. 

Surprisingly, its stereoisomer CPM-T12 performed substantially worse, extracting 

only half as much as CPM-C12. Considering the total extraction yield of 

X-NBM-C11, which was roughly the same as for DDM, the importance of stereo 

conformation becomes apparent again. The half-chair conformation of CPM-C12 

leads most likely to superior MP extraction properties. The reasons for the superior 

extraction properties of the half-chair conformation are twofold. First, the alkyl 

chains are not arranged in parallel. The twisting of the cyclopentane ring places 

one chain in an axial position and the other in an equatorial position. This 

asymmetric conformation results in greater packing defects when the 

amphiphiles are incorporated in the membrane. Moreover, different effective 

hydrophobic lengths of these chains are adapted, which is beneficial for favorable 

interactions with MPs. Similar observations were made for asymmetric MNGs, for 

which certain MPs were substantially better stabilized by specific, asymmetric alkyl 

chain combinations.[110] Second, the twisting of the cyclopentane ring leads to a 

greater spatial separation of the two maltose moieties and thus to an effectively 
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larger headgroup. The latter, in turn, leads to a more conical shape and thus to 

better solubilization and extraction because a greater membrane curvature 

stress is induced when incorporating into the membrane.[111] 

However, large differences in amphiphile molecular weights should be taken into 

account when comparing solubilization and extraction efficiencies on a molar 

concentration scale (e.g., comparison of pseudophase boundaries of diglucoside 

amphiphiles and SMA(2:1) in Manuscript 4). As the tested branched amphiphiles 

resemble the structure of two linked DDM molecules, the molecular weight is about 

twice that of DDM. Hence, the mass concentrations of the CPMs and X-NBM-C11 

are ~2-fold higher than that of DDM. This means that, on a mass scale, CPM-C12 

performs similarly to DDM. 

Among the head-and-tail amphiphiles, DDG and DDDG slightly outperformed DDM 

in terms of total MP extraction. Again, this improved extraction can be explained 

by the larger diglucose headgroup, leading to a more conical shape. 

Considering the shorter ODG,[94] a more complex dependence becomes apparent. 

Overall, the total MP extraction of hydrocarbon diglucoside amphiphiles can be 

ranked DDG > DDDG > ODG. This suggests that DDG has the optimal hydrophobic 

chain length among these three amphiphiles. However, headgroups of different 

sizes can result in largely different optimal chain lengths for small-molecule glyco-

amphiphiles.[112] Together, this suggests that there might be an optimal molecular 

geometry suitable for broad-range extraction of MPs from native membranes. 

As expected, when substituting the hydrocarbon chain of diglucoside amphiphiles 

for fluorocarbon chains, the total MP extraction was substantially lower, owed to 

their peculiar lipophobicity.[22,31] However, the fluorinated diglucoside amphiphiles 

were among the first fluorinated amphiphiles that could extract MPs in reasonable 

amounts.[93] The role of the fluorocarbon chain is further emphasized as shorter 

fluorocarbon chains gave a better total extraction, which could be also observed 

for fluorinated maltosides.[92] Interestingly, the nanodisc formation described in 

Manuscript 4 does not only render diglucoside amphiphiles particularly interesting 

membrane mimics for sensitive MPs, but also poses a potential reason for the good 

extraction properties of F6ODG. This is discussed in detail below. However, 

particularly in the design of fluorinated amphiphiles, a balance between 

extraction power and mildness must be found. 

Comparing the surfmer monomers from Manuscript 3, the novel monomers 

bearing maltose headgroups extract MPs in the same order of magnitude as DDM. 
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In particular, the normalized total MP extraction yields of LC049 and LC058 were 

about 75% of DDM. However, the good performance at MP extraction of DDM is 

by a large part a result of the extraordinarily efficient extraction of the very 

abundant OmpA. Interestingly, the addition of the polymerizable moieties led to a 

complete loss of this specificity although the headgroups and chain lengths were 

the same as for DDM. This suggests that the high specificity of DDM towards OmpA 

is based on interactions in the headgroup region of the amphiphile. Thus, this is a 

good example of the individual requirements for interactions between certain MPs 

and amphiphiles. Omitting these very prominent SDS-PAGE bands, the impact of 

the polymerizable moieties is less drastic. Compared to the novel surfmers, the 

LC027 showed similar concentration dependencies of the protein extraction. 

However, judging by the total MP extraction, LC027 was almost as efficient as DDM 

and thus, slightly outperformed the novel monomers. Although there is a slight 

difference in architecture regarding the linker group, the better performance of 

LC027 emphasizes the positive effect of the large diglucose headgroup 

towards MP extraction, which contrasts with its poor solubilization power. 

In addition to the MP shotgun extraction experiments, the extraction power of the 

novel amphiphiles from Manuscripts 2 and 3 was tested on either one or two 

challenging model MPs. In particular, the CPMs and their parental NBM molecules 

were applied to extract recombinantly produced and overexpressed MelBSt from 

E. coli membranes. MelBSt is an -helical transporter for disaccharides.[113] 

Compared to DDM, most amphiphiles showed an extraction yield around 100%. 

However, X-NBM-C11 and CPM-T12 performed considerably worse and reached 

only a yield of ~50% and ~37%, respectively. While these results compare 

relatively well with the results for the respective amphiphiles in the shotgun 

extraction experiment, the good performance of CPM-T11 is surprising because of 

the poor performance of CPM-T12. A possible explanation is that CPM-T12 micelles 

are about 1 nm bigger in diameter compared with the other CPMs. Hence, the 

hydrophobic core of the CPM-T12 micelles might be unsuitable for the hydrophobic 

surface of the MP, therefore leading to a hydrophobic mismatch. Similarly, 

negative correlations between hydrophobic chain lengths and extraction were 

found for different head-and-tail amphiphiles.[112,114] Indirectly, this hints to the 

favorable conformation of its counterpart CPM-C12. Despite having the same 

nominal chain lengths, the half-chair conformation of the cyclopentane core leads 

to a shorter effective hydrophobic length. Paired with the thus effectively 
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asymmetric alkyl chains, this can provide easier adaption to the hydrophobic 

surface of different proteins.[110] 

The surfmer monomers from Manuscript 3 were tested on two MPs with -helical 

transmembrane domains from two different classes, namely, the multidrug efflux 

transporter, AcrB,[115] and the GPCR adenosine A2A receptor, A2AR.[116] AcrB and 

A2AR were recombinantly expressed in E. coli and insect cells (Sf9), respectively. 

In the case of AcrB extraction, LC049 and LC058 performed substantially worse 

than DDM extracting only ~40% of the available AcrB. Hence, similarly to OmpA 

in the shotgun extraction experiments, particular interactions might be diminished 

by the addition of the polymerizable moiety. Moreover, LC027, with its branched 

diglucose headgroup, performed even worse extracting only ~20% of the target 

protein. Considering the results from the E. coli extraction for LC027, it is likely 

that its poor extraction of AcrB was caused by missing MP/amphiphile interactions. 

Interestingly, in the case of A2AR extraction from insect cells, all monomers 

performed similarly to a mixture of DDM and cholesteryl hemisuccinate (CHS), 

which has gained immense popularity in recent years.[64] Therefore, these 

amphiphiles and, later, their polymerized form, might be interesting candidates for 

GPCR research. 

A2AR recombinantly expressed in Sf9 cells was previously used to determine the 

extraction properties of hydrogenated diglucoside amphiphiles.[94] While ODG 

performed as good as DDM in the extraction, DDG and DDDG extracted more A2AR 

therefore being potential valuable tools for GPCR research (cf., 4.4. Stabilization 

of Model Membrane Proteins). Although the origin of the membranes was different 

and only a single model MP was monitored, the dependence on the hydrophobic 

chain was the same as observed in shotgun extraction experiments: DDG 

extracted the largest amount of A2AR, indicating an optimum in hydrophobic chain 

length. In addition, the extraction properties of the hydrogenated diglucoside 

amphiphiles were further tested with the bacterial ATP-binding cassette 

transporter, BmrA, recombinantly expressed in E. coli. In this case, the 

hydrogenated diglucoside amphiphiles performed overall similarly to DDM and 

showed the same hydrophobic chain length dependence as mentioned before. 
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Table 3: Summarized ranking for POPC vesicle solubilization kinetics and total E. coli 
membrane-protein extraction relative to DDM for novel small-molecule glyco-amphiphiles.  

Amphiphile 
Estimated 

solubilization time for 
POPC vesicles (h) 

normalized total 
MP extraction 

CPM-C12 2.2 1.77 

CPM-T12 not tested 0.86 

X-NBM-C11 17.0 1.07 

F6ODG 16.0* 0.76 

DDG 2.0 1.25 

DDDG 2.0 1.14 

LC049 0.6 0.77 

LC058 0.6 0.74 

LC027 4.0 0.92 

* measurement at 50°C 

4.4. Stabilization of Model Membrane Proteins 

After successfully extracting MPs from their biological environment, one key issue 

is the stability of the MP in the chosen amphiphile. To this extent, different 

approaches can be done. On the one hand, assessing the (thermal) stability of 

extracted MPs is broadly applicable to many proteins. It can be assessed, for 

example, by different spectroscopic techniques or altered migration behavior in 

SDS-PAGE or chromatographic methods. On the other hand, monitoring enzymatic 

activity or ligand binding are more protein specific. If the MP has enzymatic activity 

or binds a ligand, activity or binding measurements can be done to investigate 

whether the MP is disturbed in its function. 

The stabilizing properties of the branched amphiphiles in Manuscript 2 were tested 

with diverse model MPs. The stability of most of these MPs was assessed by ligand 

binding. This included the bacterial leucine transporter, LeuT, the disaccharide 

transporter MelBSt, and the human β2 adrenergic receptor, β2AR. In all cases, the 

novel branched amphiphiles showed similar preservation of the binding activity of 

the model MPs, which is indicative for structural preservation. The only exception 

was the poor stabilization of β2AR by CPM-T12, which is coherent with its poor 

extraction power. In addition, the thermal stability of model MPs in CPMs were 
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tested for MelBSt and for MOR, another GPCR. In the case of MelBSt, extraction at 

different temperatures suggested that, similarly to DDM and X-NBM-C11, CPM-T12 

stabilized MelBSt up to 45°C. On the contrary, the other three CPMs stabilized 

MelBSt up to 55°C. Moreover, the stabilizing properties of these three CPMs were 

further tested with MOR and compared with DDM as well as LMNG, which is known 

for stabilizing GPCRs.[34] As expected, DDM was the worst amphiphile in stabilizing 

this delicate model MP. While CPM-T11 performed similarly to LMNG (less than 1°C 

difference in Tm), CPM-C11 and CPM-C12 increased the Tm of MOR by 2.6°C and 

5.6°C compared with LMNG, respectively. In general, the CPM amphiphiles are 

particularly good at stabilizing MPs, like the prominent LMNG. Despite their 

structural difference, CPMs and LMNG can be viewed as a “dimer” of linked 

conventional head-and-tail detergents, similar to DDM. Recently, molecular 

dynamics simulations showed that single LMNG molecules exhibit much less 

motion in a micelle containing a MP, compared with DDM.[34] This is owed to the 

higher molecular mass of such a “dimer” but also to specific interactions between 

maltose moieties of different LMNG molecules leading to further restrictions in the 

individual molecular motion. The resulting low mobility of the amphiphiles 

preserves native protein–protein and protein–lipid interactions, thus 

explaining the superior stabilization properties of branched amphiphiles. 

The stabilizing properties of nanodisc-forming diglucoside amphiphiles in 

Manuscript 4 were assessed by enzymatic activity of OmpLA. Interestingly, the 

fluorocarbon nanodiscs preserved the activity of OmpLA dimers similar to what 

was observed in POPC vesicles, whereas the activity was lower in hydrocarbon 

nanodiscs. This suggests, that OmpLA was either affected in its integrity, in dimer 

formation, or that hydrogenated diglucoside monomers from the aqueous phase 

interact with the OmpLA dimer and inhibit its enzymatic activity. However, to 

unravel the reason for the lower activity, further experiments investigating the MP 

structure would be necessary. Together with the depression of the main gel-to-

fluid phase transition in hydrocarbon nanodiscs containing DMPC, this emphasizes 

the influence of the rim-forming agent on the integrity of the bilayer patch 

and harbored MPs. Similar observations were made with another GPCR and 

different nanodisc-forming copolymers.[117] Here, certain types of polymer-

bounded nanodiscs restricted the embedded GPCR in its conformational changes. 

However, despite the rather poor stabilization of OmpLA by DDDG, it was shown 

that the shorter hydrocarbon diglucoside amphiphiles ODG and DDG were 
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promising candidates in stabilizing A2AR.[94] Unfortunately, DDDG was excluded 

from this experiment because of experimental considerations. Hence, DDDG 

should not be considered a poor stabilizing agent, but the investigation of its 

applicability should be further extended.  

4.5. Nanodisc-Forming Glyco-Amphiphiles 

4.5.1. Hydrophobic Chain Length Influence on Nanodisc Architecture, Integrity, 

and Self-Assembly 

From Manuscript 4, it can be concluded that the fluorinated F6ODG is the milder 

nanodisc-forming diglucoside amphiphile compared with DDDG. However, in 

addition to the difference in chemical nature of the hydrophobic chains, the chain 

length differs by 4 carbon groups (C8 versus C12); therefore, it is unclear whether 

the chemical modification or the different chain lengths are the main 

reason for the preferable properties of F6ODG. To clarify this question, 

experiments were repeated using the shorter C10 homolog from the hydrogenated 

diglucoside series, DDG[94] (3.7. Associated Results). 

While DDG formed nanodiscs of similar architecture as DDDG when mixed with 

artificial vesicles (Fig. 3.1), the influence on the integrity of the DMPC bilayer core 

was slightly milder than for DDDG. In particular, laurdan fluorescence spectroscopy 

and DSC measurements revealed DMPC main gel-to-fluid phase transitions at 

slightly higher Tm values (Fig. 3.2), indicating a slightly higher integrity of the 

bilayer core. However, when comparing Tm for nanodiscs formed by DDG or DDDG, 

these values were similarly decreased compared with DMPC vesicles.  

Moreover, lipid exchange, studied by time-resolved FRET, revealed observed lipid 

exchange rates (kobs) for DDG similar to those of DDDG, thus suggesting a similar 

exchange behavior (Fig. 3.3B). In particular, when accounting for the contribution 

of diffusional exchange, the slightly lower value for DDG nanodiscs (Table 1) 

corroborates the slightly higher bilayer integrity as observed in terms of smaller 

changes in Tm. However, the value for F6ODG nanodiscs was still about 1 order of 

magnitude smaller, confirming superior stabilization properties of the fluorocarbon 

chain. Furthermore, the shorter C10 hydrophobic chain of DDG led to an increase 

in collisional lipid exchange compared with DDDG and its C12 hydrophobic chain 

(Table 1). This faster exchange is caused by an easier crossing of the nanodisc 

rim region most likely owed to the shorter and thus, more flexible C10 

hydrocarbon chain. This is contrary to the lower values observed for F6ODG, 
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containing the shorter, polyfluorinated C8 chain. Therefore, it can be excluded that 

the preferable properties of F6ODG nanodiscs come from the shorter hydrophobic 

chain but are exclusively conveyed by the fluorocarbon chain. 

The self-assembly process of DDG nanodiscs was similar to that of the other 

diglucoside amphiphiles, as judged by ITC solubilization experiments. Titration 

with DDG gave the same overall shape of the isotherm with initially endothermic 

titration heats followed by a W-shaped exotherm titration range (Fig. 3.5A). This 

suggests that the sequential self-assembly model, established in Manuscript 4, 

also applies for DDG-mediated nanodisc formation. While the characteristic 

features were found for all three diglucoside amphiphiles, DDG showed signs of 

aggregation that were similar to what was observed for DDDG. This included shifts 

in the heating power baseline and signal noise for the resulting titration heats. 

Another difference between the self-assembly of the hydrogenated nanodiscs and 

F6ODG nanodiscs was seen for the bilayer perforation. Contrary to the well-defined 

perforation threshold concentration that was found for F6ODG/DMPC mixtures, the 

perforation for hydrogenated diglucoside/DMPC mixtures turned out to be more 

gradual (Fig. 3.4). This was reflected in intermediate characteristic bleaching times 

that could be calculated. One possible explanation for this gradual behavior is a 

higher perturbation of the vesicular bilayer induced by the incorporation of 

hydrogenated diglucoside monomers prior pore formation. While the lipophobic 

F6ODG monomers most likely form clusters within the bilayer in order to minimize 

the fluorocarbon–hydrocarbon interfacial area, the hydrogenated diglucoside 

monomers can readily disperse in the vesicular bilayer.[118] Hence, hydrogenated 

diglucosides potentially induce many small membrane defects before forming 

pores in the bilayer and consequently already facilitate the hydrosulfite 

permeation. 

4.5.2. Thermodynamic Considerations for Nanodisc Formation 

From the slopes of the determined pseudophase diagrams for diglucoside/DMPC 

mixtures at 35°C from Manuscript 4 and the associated results (Fig. 3.5B), free 

energies for the transfer from the vesicle to the nanodisc for the diglucoside 

amphiphile ΔGS
v→d,o and for DMPC ΔGL

v→d,o were calculated (Eq. 1–6). These values 

offer an estimate for the underlying thermodynamics, although, strictly 

speaking, the formed nanodiscs are no pseudophases because of the segregation 

between lipid and diglucoside amphiphile.[76] An analysis of such transfer free 

energies for head-and-tail amphiphiles, bile salts, and novel amphiphiles led to the 
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empiric relationship of ΔGL
v→d,o < -0.65 ΔGS

v→d,o for strong solubilizing agents, 

which do not include any head-and-tail amphiphiles.[76] According to this definition, 

the diglucoside amphiphiles are classified as strong DMPC-solubilizing agents 

under the respective conditions, including the fluorinated diglucoside amphiphile. 

Considering its lipophobic character, the classification as strong solubilizing agent 

might seem surprising, but the segregation and resulting bilayer-core formation 

thermodynamically facilitate the lipid transfer from the vesicle to the 

nanodisc (i.e., solubilization). The presence of the bilayer core in the nanodisc 

provides a membrane-like environment, which leads to much lower endergonic 

ΔGL
v→d,o values compared with formation of mixed micelles with fluorinated 

amphiphiles such as F6OM (Fig. 3.6). In short, this illustrates that the great 

solubilization power is due to the accommodation of diglucoside amphiphiles in the 

nanodisc rim and the accommodation of lipid in the bilayer core, which only slightly 

opposes the solubilization process. 

4.6. Structure–Efficacy Relationships 

As mentioned in the beginning, finding a relationship between the structure of 

small-molecule (glyco-)amphiphiles is desirable because their properties could 

thus be predicted. Although, some tendencies are known, such as the dependence 

of the CMC on the chain length within a homologous series,[24] a quantitative 

prediction of amphiphile properties remains highly challenging. For example, 

mathematical models relating different molecular descriptors with certain 

properties have been developed to predict the CMC[119,120] and other 

physicochemical properties.[121] Although these physicochemical properties, of 

course, dictate the interaction with lipid bilayers, the precise relation remains 

elusive. Therefore, simple guidelines or trends for structure–efficacy relationships 

for the properties discussed above are extracted. 

4.6.1. Headgroup diameter 

An increase of the headgroup diameter generally hampered the lipid 

solubilization kinetics as could be seen for diglucoside (Manuscript 4) and CPM 

(Manuscript 2) amphiphiles (cf., Table 3). The underlying mechanism is most likely 

the slow translocation between the outer and the inner leaflet of the lipid bilayer. 

However, this does not translate to MP extraction. Indeed, the MP extraction 

efficiency was higher compared with DDM as estimated by E. coli MP extraction 

for the hydrogenated diglucosides and CPMs (cf., Table 3). Similar observations 
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were made for other nonionic small-molecule amphiphiles.[122] Fluorinated 

diglucoside amphiphiles extracted MPs to a lower extent compared with DDM but 

compared with other fluorinated amphiphiles,[22,31] they exhibited a great 

extraction potential. 

4.6.2. Branching and Fluorination—Increasing Rigidity 

As mentioned before, branching (Manuscript 2) or fluorination (Manuscript 4) of 

the hydrophobic part of the amphiphile is already considered to be beneficial 

for MP stability.[34,96,123–125] This is generally attributed to the low mobility of 

these hydrophobic groups resulting in a rather rigid hydrophobic environment 

for the MP. In general, the use of branched amphiphiles might be more favorable 

over the use of fluorinated amphiphiles because their extraction yield is generally 

higher and the solubilization kinetics are less affected. Nonetheless, the nanodiscs 

that can be provided by the fluorinated F6ODG present and interesting option for 

certain proteins and experiments. 

4.6.3. Asymmetric Hydrophobic Chain Lengths 

Regarding the branched CPMs, the results from Manuscript 2 indicate that 

asymmetric effective hydrophobic chain lengths of certain stereo conformers 

are beneficial for the stabilization of MPs. This is most likely due to a better 

adaption of the amphiphile to the uneven hydrophobic surface of the MP. 

Similar observations were made for branched glyco-amphiphiles containing two 

hydrophobic chains with different nominal chain lengths.[110] 
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Chapter 5: Conclusions 

5.1. Summary 

Novel small-molecule glyco-amphiphiles designed on the basis different principles 

were investigated and characterized in terms of (i) their self-assembly into 

micelles as well as (ii) interactions with lipid bilayers and MPs. On the one hand, 

this led directly to the identification of new promising amphiphiles, which can be 

applied in MP research. On the other hand, important conclusions about structure–

efficacy relationships could be drawn that will aid the design of next-generation 

amphiphiles. 

Diastereomeric cyclopentane-based maltosides were investigated. They contain a 

CP core group onto which two maltose groups as hydrophilic moiety and two alkyl 

chains as hydrophobic moiety were grafted (Manuscript 2). 

 The cis and trans stereoisomers exhibit different conformations of the CP 

core and thus have different arrangements of the two maltose groups as 

well as of the hydrophobic chains. This results in different physicochemical 

and biophysical properties between the stereoisomers. 

 Overall, CPMs exhibit good stabilizing properties towards various model MPs. 

This is most likely rooted in the presence of two hydrocarbon chains as 

hydrophobic moiety, which form relatively rigid micelles around the MPs, 

comparable to other branched amphiphiles.[34] Additionally, the cis 

stereoisomers turned out to be more stabilizing, which can most likely be 

attributed to the half-chair conformation of the CP core. This conformation 

leads to uneven effective hydrophobic chain lengths that are beneficial for 

adapting the hydrophobic chains to the uneven hydrophobic surface of the 

MP, inside the amphiphile/MP complex.[110] 

 CPM-C12 could be identified as a particularly interesting amphiphile for 

GPCR studies, as it exhibits superior stabilization properties towards this 

class of MPs. It increased the thermal stability of a GPCR by several degree 

Celsius compared with the prominent LMNG, DDM, and other CPMs. 

 Moreover, CPM-C12 exhibits great extraction properties as it extracts large 

amounts of MPs from natural E. coli membranes. In doing so, it is more 

efficient than DDM, which is up to now still the gold standard in MP 

purification,[64] and the related X-NBM-C11. Hence, CPM-C12 can be used to 



Chapter 5: Conclusions 

157 

extract the target MP and to stabilize it during purification and subsequent 

analysis, avoiding a tedious exchange of amphiphiles. 

 Among the tested novel amphiphiles in this thesis, CPM-C12 showed 

mediocre solubilization kinetics for artificial POPC vesicles. The slower 

solubilization, compared with novel amphiphiles containing only one 

hydrocarbon chain, can be attributed to the relatively large size of the 

branched amphiphile. However, even if this translates to MP extraction and 

prolongs the necessary incubation time for MP extraction, CPM-C12’s 

stabilization properties outweigh the slightly longer incubation times. 

Furthermore, detergent-like polymerizable amphiphiles that resemble the 

structure of DDM were investigated. To make these amphiphiles polymerizable, a 

reactive acrylamide or a methacrylamide group was added to enable 

polymerization (Manuscript 3). 

 Minor chemical modifications have a low impact on the micellar diameter 

but, depending on the hydrophobicity, can greatly affect the CMC. While the 

micellar diameter was slightly reduced irrespective of the polymerizable 

group type, the CMCs clearly differed from each other depending on the 

attached polymerizable group. This points out, that the additional methyl 

group in methacrylamide has neglectable influence on the overall shape of 

the amphiphile, yet its contribution to hydrophobicity impacts the overall 

hydrophobicity and consequently the CMC of the amphiphile. Furthermore, 

similar behavior could be seen for the substitution of a CH2 group by an 

oxygen atom. While this substitution did not alter the shape of the 

amphiphile and thus resulted in similar micellar diameters, the CMC was 

drastically increased due to the high hydrophilicity of such ether bonds. 

 The tested two novel surfmers exhibited a rather quick solubilization of 

artificial POPC vesicles, compared with the other novel amphiphiles from this 

thesis. This can probably be attributed to the smaller headgroup diameter 

of the linear arrangement in the maltose headgroup, compared with the 

branched arrangements of the other novel amphiphiles. 

 The extraction efficiency of the two novel surfmers was rather good in terms 

of total extraction of the membrane proteome from E. coli as well as in the 

extraction of two model MPs. It is noteworthy, that the additional 

polymerizable groups have considerable impact on extraction yields of 
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distinct MPs. For example, the high OmpA extraction specificity of DDM is 

completely abolished by the addition of these groups. 

The self-assembly of diglucoside nanodiscs from both, artificial membranes and 

biological membranes was investigated (Manuscript 4). To this end, two 

hydrogenated diglucosides and one fluorinated diglucoside were used. 

 All three tested diglucosides self-assemble into nanodiscs when mixed with 

lipid bilayers. F6ODG readily forms nanodiscs with both artificial vesicles and 

natural cell membranes. However, DDG and DDDG could not be shown to 

form nanodiscs with natural membranes, but only with artificial vesicles. 

 The impact of the diglucosides on physicochemical properties of the lipid 

core within formed nanodisc is low. F6ODG turned out to be the gentlest 

diglucoside, which can be attributed to its fluorinated, lipophobic chain. This 

is beneficial for MPs that are located inside such a nanodisc, as for example, 

OmpLA. The enzymatic activity of OmpLA was unaffected by transfer from 

vesicles into fluorinated nanodiscs, whereas the transfer into hydrogenated 

nanodiscs lowered the activity. 

 Diglucoside nanodiscs are dynamic nano assemblies that exchange lipids by 

monomer diffusion and nanodisc collisions. While the exchanges among 

DDG and DDDG nanodiscs are rather similar to each other, the lipid 

exchange among fluorinated nanodiscs is considerably slower. This can be 

explained by the lipophobicity of the fluorinated hydrophobic chains forming 

the nanodisc rim, which hampers the transfer of lipids across this part of 

the nanodisc. 

 Based on pseudophase diagrams, a model for diglucoside nanodisc self-

assembly was proposed in which the DMPC bilayer is perforated at sub-

solubilizing concentrations. With increasing diglucoside concentrations the 

bilayer is then becoming saturated and starts to disintegrate into nanodiscs 

until complete solubilization is reached. 

 From a thermodynamic viewpoint, the diglucosides can be classified as 

strong solubilizers towards DMPC bilayers, like other nanodisc-forming 

amphiphiles. The main reason for this is the low transfer free energy of lipids 

in this self-assembly process, probably owed to the presence of the bilayer 

core. 



Chapter 5: Conclusions 

159 

5.2. Future Directions 

As the small-molecule glyco-amphiphiles covered in this thesis all follow different 

rationales and originated from collaborations with different partners, each one 

offers individual future directions. 

Regarding the branched CPMs from Manuscript 2, the group of Prof. Dr. Pil Seok 

Chae already synthesized a set of amphiphiles similar to the CPMs but in which the 

connecting cyclopentane carbon is removed. Thus, the maltose branches are 

even more flexible allowing to further explore the effect of different degrees of 

restriction in headgroups for branched glyco-amphiphiles. Their properties in MP 

handling are currently under investigation. Certainly, the observations made for 

the beneficial asymmetric effective hydrophobic chain lengths should be further 

explored and considered when designing new branched amphiphiles. 

As mentioned above, the new surfmers introduced in Manuscript 3 are planned to 

be used in (i) their detergent-like monomeric form as solubilizing agent and (ii) in 

their polymerized form as stabilizing agent. Thus, MP/monomer/polymer 

complexes should be formed, from which the monomer can subsequently be 

depleted by dilution well below the CMC of the monomer, resulting in a stabilizing 

MP/polymer complex. Currently, the group of Prof. Dr. Grégory Durand is working 

on the best polymerization conditions. Once these conditions are found, 

biochemical investigations using MPs can be performed and, eventually, the design 

of the monomers can be further improved. 

With the comprehensive characterization of the new diglucoside nanodiscs from 

Manuscript 4 and their properties at hand, application towards different membrane 

compositions, additional model organisms, and individual MPs can be tackled. 

Currently, the group of Prof. Dr. Sandro Keller is investigating the solubilization 

properties of diglucoside amphiphiles towards different negatively charged 

artificial membranes. Solubilization of negatively charged membranes would set 

diglucoside amphiphiles apart from prominent negatively charged copolymers, 

such as SMA and DIBMA, as Coulombic repulsion is irrelevant to the non-ionic 

diglucoside amphiphiles. 

Overall, small-molecule glyco-amphiphiles accomplished a great success, which is 

evident from their use in MP structure determination over the last decade.[64] In 

particular, branched glyco-amphiphiles, which combine good extraction efficiency 

and MP stabilization, are potentially becoming the new gold standard of MP 

research. However, many more types of glyco-amphiphiles are designed and 
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synthesized, which for example, bear even more than two hydrophobic 

chains[126,127] or have restricted, cyclic hydrophobic groups.[128–130] Moreover, an 

increasing number of amphiphiles is being synthesized combining several 

approaches in their structure.[131,132] 
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Abbreviations and Variables 

amphipol short amphiphilic polymer 

APol (ionic) amphiphilic polymers 

bicelle bilayered micelle 

c concentration 

CMC critical micellization concentration 

col collisional (subscript) 

CP cyclopentane 

CPM cyclopentane-based maltoside 

CPM-C CPM cis stereoisomer 

CPM-T CPM trans stereoisomer 

d nanodisc (superscript) 

DDDG dodecyl diglucoside 

DDG decyl diglucoside 

DDM n-dodecyl-β-D-maltopyranoside 

dH hydrodynamic diameter 

DHPC 1,2-dihexanoyl-sn-glycero-3-phosphocholine  

DIBMA di-isobutylene/maleic acid 

dif diffusional (subscript) 

DLS dynamic light scattering 

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DSC differential scanning calorimetry 

F6ODG 1H,1H,2H,2H-perfluorooctyl diglucoside 

FDA food and drug administration 

FRET Förster resonance energy transfer 

GP generalized polarization 

GPCR G protein-coupled receptors  

ITC isothermal titration calorimetry 
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K partition coefficient 

k exchange rate 

KvAP voltage-dependent potassium ion channel  

L lipid (subscript) 

LeuT leucine transporter 

LMNG lauryl maltose neopentylglycol  

m micelle (superscript) 

MelBSt melibiose permease 

mic micelle; micellar; micellization (subscript) 

mon monomer (subscript) 

MOR µ-opioid receptor  

MP/MPs membrane protein/membrane proteins 

MSP membrane scaffold protein 

NAPol non-ionic Amphiphilic Polymer 

NBD-DHPE N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-

sn-glycero-3-phosphoethanolamine 

NBM norbonane-based maltosides  

NMR nuclear magnetic resonance 

obs observed (subscript) 

ODG octyl diglucoside 

OG n-octyl-β-D-glucopyranoside 

OmpA outer membrane protein A 

OmpLA outer membrane phospholipase A1  

PAGE polyacrylamide gel electrophoresis 

Per perforation 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  

QPSA quasiphenomenological sigmoid algorithm  

R amphiphile/lipid ratio; gas constant 
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Rh-DHPE rhodamine B 1,2-dihexadecanoyl-sn-glycero-

3-phosphoethanolamine 

S surfactant (subscript) 

Sat saturation 

SDS sodium dodecyl sulfate 

SMA styrene/maleic acid 

Sol solubilization 

ST surface tensiometry 

T temperature 

TDM n-tridecyl-β-D-maltopyranoside 

TEM transmission electron microscopy 

Tm thermotropic phase transition temperature 

v vesicle (superscript) 

X critical mole fraction 

β2AR β2 adrenergic receptor  

ΔCp change in isobaric heat capacity 

ΔG° change in standard molar Gibbs free energy 

ΔH° change in standard molar enthalpy 

ΔS° change in standard molar entropy 

τ characteristic NBD bleaching time 
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