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Preface

Driven by an early interest in “molecules, which can do something”, | started my scientific career
with the synthesis of fluorescent molecules with peculiar photophysical properties (e.g.
extremely long fluorescence lifetimes of up to 1 ps) and their application in enzyme assays.' The
same class of fluorescent molecules was at the same time used by the research group to
investigate supramolecular recognition principles, which inspired us to develop the first
fluorescent, label-free enzyme assay using water-soluble macrocyclic host molecules. With the
goal to use supramolecular chemistry to address fundamental questions in biochemical
research, | subsequently joined the only other research group worldwide, which had used
supramolecular recognition to monitor enzymatic reactions. Besides following the line of
supramolecular enzyme assays," | soon became interested in how to control transport of
molecules across lipid bilayer membranes,” and how to follow membrane transport processes."

Having developed analytical methods from the viewpoint of fundamental research in a
physical-organic and a bioorganic chemistry lab, | subsequently joined the Department of
Analytical Chemistry at the BAM Federal Institute for Materials Research and Testing with the
goal to broaden my knowledge in analytical chemistry applications. The major focus was to
compare analytical methods for the quantification of surface functional groups, which included —
as a first piece of independent research — also the development of novel, innovative surface
quantification methods based on supramolecular chemistry.Y In addition, | was given the
opportunity to develop enzyme-activatable probes for molecular optical and magnetic resonance
imaging applications."

After this round trip to physical-organic, bioorganic, and analytical chemistry, including a short
excursion into quality management, | have returned to Jacobs University, where | previously
obtained my PhD, with the goal to pursue my habilitation. During the last years, we have
intensified our efforts to understand and apply the supramolecular recognition principles of host-
guest complexes in more and more complex and competitive environments such as in biofluids,
at biomembrane interfaces and on particle surfaces. This cumulative habilitation thesis
introduces and summarizes the scientific work of the habilitation and serves as a framework for
the already published papers. It also contains some unpublished results and an outlook.

i ChemBioChem 2006, 7, 733; J. Am. Chem. Soc. 2007, 129, 15927.

i Nat. Methods 2007, 4, 629; J. Am. Chem. Soc. 2009, 131, 11558; Chem. Eur. J. 2012, 18, 3444.

i3, Am. Chem. Soc. 2008, 130, 10338.

vV J. Am. Chem. Soc. 2009, 131, 16889; Nat. Chem. 2010, 2, 533; Acc. Chem. Res. 2013, 46, 2791.
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Vi Anal. Chem. 2011, 83, 4970; Chem. Commun. 2011, 47, 7842; J. Am. Chem. Soc. 2012, 134, 8268; J. Phys.
Chem. C 2014, 118, 20393; Analyst 2015, 140, 1804.
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Introduction

After the serendipitous discovery of the crown ethers in 1960, the synthesis, design, and
physicochemical investigation of host-guest complexes has largely driven the development of
the field of supramolecular chemistry.>® This has led to a more thorough understanding of the
weak, noncovalent forces that govern supramolecular host-guest interactions, which are also
responsible for the selective association of other molecules. Electrostatic interactions, hydrogen
bonds, the hydrophobic effect, and van der Waals interactions also play key roles in the highly
specific molecular recognition processes that occur in biology, and they largely control the
properties of polymers, liquid crystals, surfactants, and other materials. Supramolecular
chemistry thus naturally intersected with other research areas for decades and it is nowadays a
highly interdisciplinary and largely diversified field involving biologists, environmental scientists,
engineers, physicists, mathematicians, and others.*

Although the complexity and functionality of biological systems has always been a major
source of inspiration for supramolecular chemists, current applications of supramolecular
chemistry are mainly in the area of materials sciences.®> Materials are in the solid state and they
are often processed with organic solvents, whereas biological applications require water, which
represents a more challenging environment for supramolecular recognition.5® Several physico-
chemical characteristics of water are not well understood, and the reason why two molecules
associate more or less strongly in water is much more complex than in organic solvents. Even
less is known about aqueous interfaces such as the water/biomembrane or solid-state interface.®
For example, it has only recently been reported that the Na* ion concentration near the surface
of anionic micelles was up to 160times higher than that in bulk water.® It is thus a persistent
challenge to apply supramolecular systems, in particular artificial host molecules, in highly
competitive environments such as bulk water, aqueous interfaces, or even inside cells.” This is,
however, a particularly fruitful exercise, because the combination of supramolecular systems
with biology will ultimately allow us to better understand and control major processes in nature,
and thus contribute to medicine or address environmental issues.®!!

Within this habilitation thesis, | am going to summarize my efforts to explore, understand, and
control supramolecular host-guest systems, which are not only functional in complex
heterogeneous (micro)environments, but which also have high potential to pave the way for
genuinely useful applications. In the following, | will briefly introduce the supramolecular
structures and principles that we relied on, and will then describe in the subsequent chapters our
efforts to dynamically follow concentration changes of bioanalytes, to transport peptides, and to
characterize the surface of micro- and nanoparticles with supramolecular host-guest systems.






Supramolecular Structures and Principles

The research described in this thesis focused on water-soluble, supramolecular, macrocyclic
host molecules and their interaction with various guest molecules. Among the most well-known
water-soluble host molecules are cyclodextrins,'># substituted calixarenes,*>*® and cucurbiturils
(Figure 1).21° These molecules are characterized by a hydrophilic surface and a hydrophobic
cavity into which guest molecules can bind. The apparent similarity to protein-ligand complexes
prompted their use as models for studies in molecular recognition. Various techniques such as
nuclear magnetic resonance (NMR) spectroscopy, isothermal titration calorimetry (ITC),
absorption, circular dichroism (CD), as well as steady-state and time-resolved fluorescence
spectroscopy have been applied to elucidate the dependence of thermodynamic parameters
(binding constant, enthalpy, entropy) and kinetic parameters on size, charge, and spatial
arrangement of host and guest. These studies are fundamental for the rational choice of host
and guest in the development of advanced applications of supramolecular host-guest systems.
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Figure 1. Prototypical examples of water-soluble macrocyclic host molecules and range of
binding constants reported for the different classes.

Cyclodextrins are among the most studied water-soluble hosts, but their binding constants
are generally low. Mono-, di- and persubstitution at the C2, C3, and C6 hydroxy groups of
cyclodextrins with permanently charged cations and anions has been shown to significantly
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increase binding affinities in water.?° A notable example for a cyclodextrin host is sugammadex,
a y-cyclodextrin persubstituted at C6 with negatively charged carboxylic acid groups, which has
been tailored to bind positively charged neuromuscular blocking agents in order to reverse their
anesthetic effects.??2 However, the affinity does not exceed 106 M,

Calixarenes, substituted with ionizable groups, comprise another class of water-soluble
macrocyclic hosts, which have been studied as receptors for biologically relevant analytes, as
phase transfer catalysts, and as sensors for cations and anions.'>® Interesting differences in the
ability to bind guest molecules were found between calixarenes and cyclodextrins, such that
both classes complement each other with respect to applications. Utilizing ion-ion interactions
between persubstituted calixarenes and highly charged guests, affinities of the respective host-
guest complexes can exceed 10° M in selected cases.?®?®

The newest class of water-soluble macrocyclic hosts are cucurbit[n]urils (CBn) composed of n
glycoluril units.’'® An outstanding feature of CBs is their propensity to bind hydrophobic and
cationic species with unprecedentedly high binding constants exceeding even those of the
streptavidin-biotin system (>10° M1).26-2° Recent results suggest that this is mainly due to high-
energy water in the inner cavity, which is frustrated due to the lack of the possibility to form a
sufficient number of hydrogen bonds to other water molecules.*** The main driving force is thus
the energy gained from the release of this water upon guest binding. The binding is further
reinforced by ion-dipole interactions with their carbonyl-fringed portal. CBs are as versatile as
cyclodextrins and calixarenes with respect to applications, including, e.g., fluorescent sensors,*
%6 peptide recognition,®”*° and drug delivery systems.4142

Despite their apparent similarity to proteins, macrocyclic hosts show interesting differences in
their molecular recognition properties compared to, e.g., antibody-antigen binding. This includes
their commonly much faster exchange kinetics compared to proteins, which is an important
aspect for real-time monitoring, in which the sensor response needs to be faster than the
changes in the concentration of the analyte.*® Furthermore, supramolecular hosts are generally
less selective than antibodies. Although this may appear at first sight as a disadvantage, a
relative selectivity among various different analytes in conjunction with a thoughtful experimental
design often suffices.** For example, a promiscuous binding of supramolecular hosts allows
their use in various related applications with respect to closely related analytes without the
necessity to design and synthesize a new host for each analyte. Another advantage of synthetic
hosts is the principal possibility for large-scale production. This is well established for
cyclodextrins, which are available on a multigram- to ton-scale at fair prices, and there is no
apparent constraints for the large-scale production of calixarenes and cucurbiturils, although the
synthesis of substituted cucurbiturils still presents a major challenge.
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Biosensing

A. Hennig, W. M. Nau, Cucurbituril-Based Sensors and Assays, in: Cucurbiturils and Related

Macrocycles, K. Kim, Ed., RSC Publishing Cambridge, 2019, in press.

e M. A. Alnajjar, J. Bartelmel3, R. Hein, P. Ashokkumar, M. Nilam, W. M. Nau, K. Rurack, A. Hennig,
Rational Design of Boron-dipyrromethene (BODIPY) Reporter Dyes for Cucurbit[7]uril, Beilstein J.
Org. Chem. 2018, 14, 1961-1971.

e J. Dopfert, M. Schnurr, M. Kunth, H. M. Rose, A. Hennig, L. Schréder, Time-resolved Monitoring of
Enzyme Activity with Ultrafast Hyper-CEST Spectroscopy, Magn. Reson. Chem. 2018, 56, 679-688.

e Stahl, A. I. Lazar, V. N. Muchemu, W. M. Nau, M. S. Ullrich, A. Hennig, A Fluorescent
Supramolecular Chemosensor to Follow Steroid Depletion in Bacterial Cultures, Anal. Bioanal.
Chem. 2017, 409, 6485-6494.

e M. Nilam, P. Gribbon, J. Reinshagen, K. Cordts, E. Schwedhelm, W. M. Nau, A. Hennig, A Label-
Free Continuous Fluorescence-based Assay for Monitoring Ornithine Decarboxylase Activity with a
Synthetic Putrescine Receptor, SLAS Discov. 2017, 22, 906-914.

e M. Schnurr, J. Sloniec-Myszk, J. Dopfert, L. Schréder, A. Hennig, Supramolecular assays for
mapping enzyme activity by displacement-triggered change in hyperpolarized 12°Xe magnetization
transfer NMR, Angew. Chem. Int. Ed. 2015, 54, 13444-13447; Supramolekulare Assays zur
Lokalisation von Enzymaktivitat durch Verdrangungs-induzierte Anderungen in
Magnetisierungstransfer-NMR mit hyperpolarisiertem 129Xe, Angew. Chem. 2015, 127, 13645-13648.

¢ M. Kunth, C. Witte, A. Hennig, L. Schroder, Identification, classification and signal amplification

capabilities of high-turnover gas binding hosts in ultra-sensitive NMR, Chem. Sci. 2015, 6, 6069-

6075.

The molecular recognition principles of supramolecular macrocyclic host molecules can be
advantageously used for the design of new or refined biosensors and bioassays and thus to
determine the presence, concentration, or functional activity of a (bio)analyte.***® Compared to
established assays and sensors, which most often rely on biomolecular recognition principles,
synthetic receptors offer several advantages. This includes, for example, the possibility to
synthesize host molecules at competitive prices compared to, e.g., antibodies, or the possibility
to target low molecular-weight analytes.

The most established method to convert a supramolecular host molecule into a sensor
applies the indicator displacement assay (IDA) principle (Figure 2).4°%° Therein, a guest
molecule (yellow), which changes its spectroscopic signal output upon host-guest complexation
(red), is used as a reporter to form a self-assembled sensor system, which restores the
spectroscopic response upon addition of a competing analyte (green). Spectroscopic methods,
that have been applied within the framework of IDAs include, e.g., absorption, fluorescence, and
CD spectroscopy spectroscopy, NMR spectroscopy, electrochemical methods, electron spin
resonance (ESR) spectroscopy, and mass spectrometry (MS).¢ Alternative to IDAs, which were
established more recently, include associative binding assays (ABAs), in which the heteroternary
complex formation between a reporter, an analyte, and a sufficiently large macrocyclic host
molecule are used, as well as hosts covalently modified with reporter dyes.>!
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Figure 2. Indicator displacement assay (IDA) principle. Host-guest complexation of a
spectroscopically active guest molecule affords a supramolecular reporter pair. Addition of a
more strongly binding analyte displaces the guest leading to a spectroscopic response.

A particular advancement of the IDA principle are supramolecular tandem assays, in which
the analyte is either generated or consumed by a chemical reaction.>? This allows following the
concentration changes of the analyte in real time and was first demonstrated with enzymatically
catalyzed reactions by me within my PhD studies.**®® Efforts in the design and application of
supramolecular tandem enzyme assays were recently reviewed including the work that was
subsequently continued by Nau and co-workers.5*%°

One limitation for IDAs as well as for tandem enzyme assays is the promiscuous binding of
supramolecular host molecules, which renders the detection of an analyte difficult when other
interfering binders are present. However, this potential shortcoming can often be overcome by
consciously controlling the experimental conditions as well as by a careful choice of reporter
guest molecules. For example, in the seminal contribution on tandem enzyme assays for amino
acid decarboxylases, a sodium-containing buffer needed to be avoided, because the presence
of sodium cations severely reduced the fluorescence response of the host-guest reporter pair
composed of CB7 and the dapoxyl dye.>?
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Figure 3. Refined fluorescence-based supramolecular tandem enzyme assay for ornithine
decarboxylase (ODC) using CB6 and trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide
(DSMI) as reporter pair. Taken from ref. %6,

A significantly enhanced version of the ornithine decarboxylase (ODC) assay was developed
during this habilitation by using CB6 and trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium
iodide (DSMI) as reporter pair (Figure 3).555” The CB6/DSMI reporter pair is not only insensitive
towards the presence of sodium cations, but also affords a larger binding affinity, which allows to
reduce the concentration of the reporter pair significantly. Since putrescine, the product of
ornithine decarboxylation, has a very high affinity to CB6, a very sensitive ODC assay could be
developed enabling the detection of <5 pmol putrescine in a 384-well microplate format. This
was the second lowest limit of detection reported and was only excelled by an LC/MS-based
method, which is much more time-consuming and thus not compatible with a high-throughput
screening (HTS) of enzyme activity as it would be desired for the pharmaceutical industry.
Noteworthy, also the determination of the inhibition modes of enzyme inhibitors, such as suicide
inhibition, could be demonstrated for the first time with this supramolecular tandem enzyme
assay.
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Figure 4. Screening of steroid-degrading bacteria by a supramolecular tandem enzyme assay.
The experimental design included the tested bacterial culture (gray) as well as positive (blue)
and negative (red) controls, in which either steroids (“bacteria only”), bacteria and steroids
(“culture medium only”), or bacteria (“steroid only”) were omitted or in which bacteria were killed
by an antibiotic (“bacteria, steroid, antibiotic”). Taken from ref. %,



In highly competitive environments, e.g. in bacterial culture broths, a further refinement of the
supramolecular tandem assay procedures may be required, such as in the development of a
tandem enzyme assay for the detection of steroid-degrading bacteria.?>°® The use of CB8/(BE):
as a reporter pair enabled the detection of testosterone at low micromolar concentrations directly
in the bacterial culture broth medium, but batch-to-batch variations afforded sometimes
inconclusive results. By considering appropriate controls (Figure 4) that could account for
potential instabilities, competitive metabolites, and non-metabolic steroid depletion, the assay
was much more reliable as indicated by a good Z-factor of >0.5.
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Figure 5. Anchor group strategy with boron-dipyrromethene (BODIPY) dyes as an approach to
tailored reporter dyes for cucurbiturils. a) Thermodynamic cycle of the involved binding equilibria.
b) Complexation-induced pKa shifts and the resulting range of suitable pH values for sensing.
Taken from ref. *°.



Considering the established supramolecular host-guest reporter pairs for fluorescence assay
and sensor development, several desirable properties are so far not available, for example,
absorption maxima of the reporter pairs are typically <450 nm, binding constants are often <10°
M-, and the maximal change in fluorescence may be too low.%° A rational design strategy is
therefore attractive to tailor the spectroscopic properties as well as the affinity of fluorescent
dyes for host-guest reporter pairs. Therefore, the so-called anchor group strategy has been
established (Figure 5), which exploits the host-assisted protonation of a cavity-binding functional
moiety (the “anchor group”) and a suitably attached protonation-sensitive fluorescent dye.>%:61-64

This strategy was recently explored with boron-dipyrromethene (BODIPY) dyes,*® which are
established dyes for applications as fluorescent labels in biology, biochemistry, medical imaging,
and related life science applications.®>®® BODIPY dyes with an aniline group in the meso position
were known to be efficiently quenched by photoinduced electron transfer (PET) in their
unprotonated forms, whereas the protonated BODIPY dyes were highly fluorescent.®” The idea
was thus to attach the anchor group to the nitrogen atom of the aniline group in order to position
the nitrogen atom close to the carbonyl rim of cucurbiturils in the supramolecular complex. The
possibility to tune binding affinities and pKa values was demonstrated by introducing
benzylamine, cyclohexylmethylamine, putrescine, and adamantylmethylamine as anchor groups,
which afforded BODIPY reporter dyes with affinities from 1.5 x 10* M to >10° M* and pKa
values of 5.0 to 8.2. This afforded host-dye reporter pairs with favourable absorption and
emission wavelengths in the visible spectral region, which were subsequently applied in indicator
displacement assays, fluorescence correlation spectroscopy, and noncovalent surface
functionalization with fluorophores.
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based biosensors and b) conventional **Xe NMR spectra of the mixture (blue and green) as
well as resulting hyper-CEST spectrum (red) with enhanced signal from the Xe-host complex.
Adapted from ref. .

Another advancement of supramolecular tandem enzyme assays that could be achieved was
their application in magnetic resonance imaging (MRI). Xe was early known to bind to the
macrocycle CB6 and was thus proposed as a potential contrast agent for Xe-based MRI, but the
sensitivity was considered too low for practical applications.®®’* However, the interest in CB6 as
a contrast agent was revived by the development of Xe biosensors using 2°Xe hyperpolarized
chemical exchange saturation transfer (*2Xe hyper-CEST).%8 Therein, hyperpolarized Xe, which
is per se more sensitive than unpolarized Xe, is combined with chemical exchange saturation
transfer (Figure 6). In this method, a saturation or an inverse pulse is applied at the resonance
frequency of the biosensor to selectively depolarize the pool of bound Xe, which leads to an
accumulation of depolarized Xe in the pool of free Xe by a continuous and rapid exchange with
free Xe. Overall, an amplified signal can be detected enabling detection of CB6 down to
picomolar concentrations in phosphate-buffered saline and in blood serum.”>”® Since even in
vivo detection of CB6 has been claimed,’ this method has the potential to become a clinically
relevant molecular imaging modality.
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Figure 7. a) Application of the supramolecular tandem enzyme assay principle to Xe magnetic
resonance imaging (MRI). b) Hyper-CEST MRI image with CB6 in buffer. c) MT MRI image with
CB7 in cellular lysates. d) Experimental setup using two nested NMR tubes with lysine
decarboxylase (LDC) in the inner tube. Taken from ref. 2,

The combination of hyper-CEST with the tandem enzyme assay principle was therefore
considered to develop the first Xe enzyme biosensor for MRI.627> As a model enzyme, lysine
decarboxylase (LDC) was chosen, which converts lysine into the biogenic amine cadaverine.
The latter is strongly binding to CB6 and thus occupies the cavity. As a consequence, the signal
at the resonance frequency of the CB6/Xe complex disappears in presence of LDC.
Unfortunately, significant line broadening was observed with CB6 in cell lysates, which rendered
the Xe enzyme activity determination impractical with CB6. As a remedy, magnetization transfer
(MT), which is an established *H MRI method that applies a saturation pulse slightly off-resonant
from the exchange-broadened bulk signal, was considered, and with the idea that further line
broadening could be achieved, CB6 was replaced by CB7, which enabled for the first time the
unambiguous detection of enzyme activity by Xe MRI in cell lysates (Figure 7).
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Membrane Transport

e Y.-C. Liu, C. Huang, D.-S. Guo, W. M. Nau, A. Hennig, Amphiphilic Calixarenes Facilitate Cellular
Uptake of Cell-Penetrating Peptides, in preparation.

e A. Barba-Bon, D.-S. Guo, W. M. Nau, A. Hennig, Fluorescence Monitoring of Peptide Transport
Pathways into Large and Giant Vesicles by Supramolecular Host-Dye Reporter Pairs, in preparation.

e S. Peng, A. Barba-Bon, Y.-C. Pan, W. M. Nau, D.-S. Guo, A. Hennig, Phosphorylation-Responsive
Membrane Transport of Peptides, Angew. Chem. Int. Ed. 2017, 56, 15742-15745;
Phosphorylierungs-regulierter Membrantransport von Peptiden, Angew. Chem. 2017, 129, 15948-
15951.

The transport of molecules across phospholipid bilayer membranes is a quintessential function
for all living organisms exerted by wide variety of structures in live cells including peptides,
proteins, as well as low-molecular-weight, natural products. This has stimulated supramolecular
chemists to create structures with similar functions in order to ultimately provide biorthogonal
control over membrane transport, which could pave the way for real-world applications in drug
delivery, sensing, and antibiotic development.’68’

Passive Cartiet lon Membrane Toroidal
Diffusion Channel Pore Pore

® @

Figure 8. Selected mechanisms of membrane transport.

In addition to the challenge to create synthetic membrane transporters, it also of interest to
better understand the transport mechanisms involved in natural and synthetic membrane
transporters (Figure 8). It may involve, for example, passive membrane diffusion (permeation),
carriers, ion channels, or pores, but due to a limited availability of characterization methods, the
transport mechanisms often remain ill-characterized. Moreover, transport mechanism can also
vary with different experimental conditions.®® For example, typical ion carriers such as

13



valinomycin can act as ion channel under appropriate conditions, detergents like triton X-100
can exhibit single-channel currents, and most carriers, ion channels and pores destroy bilayer
membranes in a detergent-like manner at high-enough concentrations. It has now been shown
during this habilitation work, how supramolecular host molecules can contribute to the design
and application of synthetic membrane transport systems as well as to the mechanistic
investigation of membrane transporters.

Inspired by counterion-activated transport of cell-penetrating peptides (CPPs), amphiphilic p-
sulfonatocalix[4]arenes with alkyl chains at the lower rim were tested as counterion activators
(Figure 9).% This revealed that the calixarene amphiphiles are far more active than other
established counterion activators and that only nanomolar concentrations are required to
activate membrane transport of model CPPs in liposomes. As a consequence of this high
capability to affect membrane transport of established CPPs, it was also explored whether the
amphiphilic calixarenes could also transport other peptides. Therefore, enzyme substrates for
protein kinase A (PKA) and protein kinase C (PKC), i.e. P1 and P2 (see Figure 9) were selected,
which were also efficiently transported by the calixarenes.
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Figure 9. Principle of counterion-activated membrane transport by amphiphilic calixarenes and
its inhibition by peptide phosphorylation. Kinases and phosphatases control the affinity of the
peptides for membrane-bound calixarenes (i), and only the non-phosphorylated peptides have
sufficient affinity to allow charge neutralization and membrane partitioning (ii). After membrane
translocation (iii), either the peptides are released into the vesicle lumen (iv) or shuttle back into
the membrane (v). Taken from ref. %,

14



This afforded the possibility to design the first artificial enzyme-responsive membrane
transport system for peptides. It was shown that the introduction of a negative charge to the
peptides serine and threonine residues of the peptides P1 and P2 decreased their binding
affinity towards the negatively charged amphiphilic calixarenes and, as a consequence, their
transport activity could be significantly down-regulated by phosphorylation by a kinase (Figure
10).
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Figure 10. a) Hill plots obtained with the CF assay illustrating the concentration-dependent
transport activity of the kinase substrates P1 and P2 (filled circles) and the phosphorylated
products pP1 and pP2 (open circles) in presence of 0.8 uM CX4-C5. b) PKA-dependent stalling
of membrane transport activity followed with the CF assay. P1 was incubated with different
concentrations of PKA and aliquots were added after varying incubation times to EYPCoCF
liposomes. Taken from ref. 5.

Subsequently, the series of amphiphilic calixarenes was extended to CX4-Cn with n = 3-8,
and 12 and investigated for their ability to act as counterion activators in liposomes and cells.
This indicated a clear dependence of the transport activity on the length of the alkyl tails in
liposomes and corroborated that the calixarenes are superior counterion activators compared to
the established pyrenebutyrate.88°

The results from the cell experiments were, however, initially disappointing showing an
unexpectedly low intracellular intensity in fluorescence microscopy imaging. However, we found
out that this is not due to an inefficient delivery of the peptides into cells, but due to the formation
of calixarene-peptide complexes, in which the fluorescence of the dye labels is quenched.
Addition of cetyltrimethylammonium bromide (CTAB) to calixarene-peptide complexes as well as
to cell lysates led to a recovery of the fluorescence. Presumably, the quaternary
trimethylalkylammonium group, which is a known binding motif for p-sulfonatocalixarenes, acts

15



as a competitor leading to a dissociation of the calixarene-peptide complexes. The stable
fluorescence intensity in cell lysates enabled a determination of the intracellular peptide
concentration, which confirmed a superior performance of calixarenes compared to
pyrenebutyrate, which was subsequently also shown in fluorescence microscopy by addition of
CTAB as a final step after fixing the cells (Figure 11). Interestingly, the dependence on the alkyl
chain length was inverted compared to the liposome experiments, i.e., CX4-C5 was most active
in liposomes and least active in cells. The origin of this behavior remains so far unclear and
further experiments are currently ongoing.

only FL-R8

Figure 11. Cellular imaging of fixed CHO-K1 cells. The cells were incubated with fluorescein-
labelled octaarginine (FL-R8) and counterion activator (calixarenes or pyrenebutyrate),
membrane-bound peptide was removed by washing with hyaluronic acid, and 1% CTAB was
added.

A persistent problem in characterizing membrane transporters involves, however, the
frequent use of dye efflux assays (Figure 12). Therein, fluorescent dyes are encapsulated in
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liposomes at sufficiently high concentrations to afford fluorescence quenching. For example,
carboxyfluorescein (CF) is encapsulated at self-quenching concentrations or the fluorescent dye
8-aminonaphthalene-1,3,6-trisulfonate (ANTS) is co-encapsulated with a known quencher such
as p-xylene-bis-pyridinium bromide (DPX). Membrane transport is then indirectly inferred from
the change in fluorescence intensity caused by dye efflux. Such a fluorescence change could,
however, also originate from unselective leakage through membrane pores, in which the peptide
transporters do not get released into the vesicle lumen (false positive result, Pathway ii in Figure
12). In addition, it has been reported that some peptides termed “silently translocating peptides”
can cross the membrane and get released into the vesicle lumen without causing dye efflux
(false negative result, Pathway iii in Figure 12).

(i) Dye efflux after:

b) Counterion-activated
peptides transport

a) Peptide translocation 0

(iii) False Negative PPedece o (i) False Positive
Silently translocating peptides Pore forming peptides

o = Dye (self quenched) o
3 23 = Peptid
.)\_’/«L\ eptiae

0 = Dye (diluted, fluorescent)

Figure 12. Principle of a dye efflux assay to monitor peptide membrane transport and potential
processes leading to false positive or negative results.
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As a remedy for this uncertainty, liposome-encapsulated supramolecular host/dye reporter
pairs were considered, which afford a direct and sensitive fluorescence-based method to monitor
membrane transport of unlabeled molecules.?* This has been previously demonstrated with
membrane pores and for passively permeating, small molecules, and was now extended to
CPPs and counterion activation. The molecular recognition between the CPP and the
encapsulated host molecules affords a method to unambiguously establish that the CPPs
peptide are transported and released into the vesicle lumen.

The supramolecular tandem membrane assay was first evaluated with the silently
translocating peptide TP2 as well as with counterion activation of heptaarginine by perfluorinated
fatty acids. In both cases, membrane transport could be reliably monitored with encapsulated
host/dye pairs, whereas dye efflux assays gave false negative results. Moreover, the
supramolecular tandem membrane assay principle enabled a detailed mechanistic investigation
of our calixarene-based counterion activators, in which we showed that the peptides are actually
transported and that the supramolecular tandem membrane assays afford reliable transport
activities regardless of the encapsulated host/dye reporter pairs. This was particularly
established by consistent transport efficiencies, i.e. ECso values, obtained with three different
reporter pairs (Table 1). For example, an influence of the binding affinity of the encapsulated
host could be ruled out by comparing the results from the CX4/LCG assay and the CB7/BE
assay with the peptide H-WKRTLRRL-OH and its phosphorylated counterpart. While the
phosphorylated peptide binds less efficiently to CX4 because of a reduced electrostatic
attraction, both peptides bind with identical affinity to CB7 via its N-terminal tryptophan residue,
and despite the different affinity, both assays gave comparable ECso values for their transport.

Table 1. Dissociation constants, K4, and effective concentrations to afford 50% transport obtained with different
host/dye combinations in supramolecular membrane transport assays.?

CX4/LCG CB7/BE CB8/MDAP
Peptide

Ka (M) ECso (UM) Ka (UM) ECso (UM) Ka (UM) ECso (UM)
H-WKRTLRRL-OH 0.85+0.09  0.021 +0.002 24 +2 0.050+0.008 2.3+0.3  0.046 +0.002
H-WKRpTLRRL-OH 24+4 3.9+0.6 25+ 2 13.8+5.2 25+0.4 16.5+0.8
H-FRRRRRRR-OH 0.23+0.09 0.59 * 0.05 0.034 +0.011 0.05 +0.03 0.5+0.1  0.025+0.003

2 All experiments were performed with the amphiphilic counterion activator CX4-C5 ([CX4-C5] = 0.8 uM).
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The use of micro- and nanoparticles currently emerges in a wide range of applications for
example, in DNA sequencing, fluorescence-based assays, as sensors, for in vivo imaging, drug
delivery, and in optoelectronic devices.®*°! The key to successfully apply these particles lies in
the possibility to control their surface chemistry, which largely determines the material’'s
properties and the interaction of the particles with other molecules. In addition, it is essential to
precisely know the number, chemical nature, and spatial distribution of functional groups on
surfaces. As a consequence, numerous analytical methods have been devised and applied to
guantify surface functional groups, for example, attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy (XPS), solid-state NMR
(ssNMR), isothermal titration calorimetry, potentiometry and conductometry, as well as
colorimetric or fluorometric assays.%>8

My interest in the surface chemistry of micro- and nanopatrticles started with the development
of a supramolecular host/guest-based method to determine the number of accessible (or
available) functional groups.®® This number is different from the total number of functional groups
and represents the number of application-relevant molecules that can be principally conjugated
to a particle surface. Established methods rely on specific detection labels, for example
fluorescent probes, radiotracers or heteroatom-containing XPS labels, which can be
subsequently read out with the respective analytical technique. As an alternative, an
adamantylmethylamine derivative (AMADA-Put) was synthesized, which can be reacted to
carboxy-modified particle surfaces and has a high affinity to CB7. After reacting the particles with
AMADA-Put, CB7 is added to the suspension, which binds to the adamantylmethylamine part of
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AMADA-Put. Centrifugation then affords the supernatant with excess CB7 in solution, which can
be quantified by the change in fluorescence after addition of a suitable fluorescent dye (Figure
13). This method offers several advantages compared to established methods: It does not
require radioactive material, it can be performed with a standard fluorometer, and it avoids
typical artifacts in conventional fluorescence labeling, like fluorescence quenching originating
from high local concentrations at the particle surface, an uncertainty about the micropolarity near
the surface, and stray light from larger particles.90101
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Figure 13. Quantification of accessible surface functional groups using host-guest binding
between CB7 and an adamantylmethylamine derivative reacted with surface carboxylic acid
groups on polymer microspheres. After centrifugation, remaining CB7 in solution is quantified by
addition of the fluorescent dye acridine orange (AO). The difference between added and
remaining CB7 in solution affords the number of CB7 molecules bound to the microsphere
surface. Taken from ref. %,
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This method was more recently also applied to the characterization of gold nanoparticles
(AuNPs).12 The AuNPs were different from the initial model particles bearing a poly(acrylic acid)
layer grafted from a poly(methyl methacrylate) core and carried mixed monolayers of surface
carboxylic acid groups and unreactive surface ligands. Specifically, AUNPs with mixtures of
sodium 3-mercaptopropanoic acid (MPA) and 3-mercapto-1-propanesulfonate (MPS) as well as
mixtures of 11-mercaptoundecanoic acid (MUA) and triethyleneglycol mono-11-mercaptoundecyl
ether (TEG) were prepared to afford MPA/MPS-AuNPs or MUA/TEG-AuUNPS, respectively, with
varying ligand densities of surface carboxylic acid groups. The method was thoroughly validated
by comparison with quantitative NMR and a colorimetric assay, which indicated an excellent
accuracy and a good precision of the method.
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Figure 14. Dependence of the accessible ligand density on the mole fraction of reactive surface
carboxylate groups in mixed ligand-protected MPA/MPS-AuNPs (open circles) and MUA/TEG-
AuNPs (filled circles). Taken from ref. 102,

Most interestingly, the results suggested that the CB7-based assay can also be used to
obtain structural information on the surface functional groups in addition to the guantitative
information. This already transpired from the initial results with the polymer particles, in which
the surface concentration of CB7 was higher than the maximum surface concentration of a
closely packed monolayer of CB7 molecules. This indicated that the poly(acrylic acid) surface is
not a densely packed shell, but a rather relatively rough structure, eventually with flexible
“pores” to accommodate the CB7 complex with AMADA-Put. Even more intriguing were the
results with the AuNPs, which showed a striking difference when the dependence of the
accessible ligand density on the molar fraction of the carboxylic acid surface groups was
compared for the mixed MPA/MPS and MUA/TEG monolayers (Figure 14).
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This indicated that the amount of the surface-coupled AMADA-Put/CB7 complex decreased
significantly with only small amounts of surface-TEG, whereas the shape of the curve for the
MPA/MPS-AuNPs was clearly sigmoidal requiring a mole fraction of 0.5 of unreactive MPS to
afford a reduction of the surface ligand density of AMADA-Put/CB7 complex by 50%. A potential
reason for this difference in the resulting surface ligand density may be the formation of
(nano)domains on the surface of the mixed-ligand shell protected AuNPs. It is conceivable that
at comparable molar fractions of reactive ligands, a random distribution of the ligands on the
surface would sufficiently separate the reactive ligands to accommodate a significant amount of
the sterically demanding AMADA-Put/CB7 complex on the surface, whereas a confinement of
the reactive ligand to small domains would prevent CB7 binding. Similar conclusions were
independently reached for self-assembled monolayer on planar gold surfaces, which were
probed with a ferrocene/CB7 complex.1%

CB derivatives in conjunction with ultrahigh-affinity guests have been suggested to
complement the use of streptavidin/biotin in various applications.%41% They were used, e.g., for
immobilization of proteins and cells on planar surfaces,°”1%° for affinity-based enrichment and
isolation of proteins,'1°12 and for supramolecular PEGylation of biopharmaceuticals.'®
Supramolecular host-guest complexes were also explored in conjunction with
nanoparticles;*#1* for example, CBs were adsorptively attached to metal surfaces such as
planart®®10° and spherical''®!” gold surfaces, to iron oxide nanoparticles through multidentate
binding of their carbonyl-fringed portals,'81° interfaced with quantum dots to afford CB polymer
capsules with encapsulated quantum dots,'?® and used for the creation of hot spots in surface
enhanced Raman scattering (SERS).116:117.121,122

In order to explore CBs for nanobioconjugation, we have synthesized particles with surface-
bound CB7, which could then be functionalized with model compounds by simply mixing the
particles with a solution containing the compound that should be immobilized and a brief period
of incubation.'?® To demonstrate this, a propargyl derivative of CB7 was synthesized and
coupled to azide surface groups by copper-catalyzed click chemistry (Figure 15). The amount of
surface-bound CB7 was then subsequently quantified by incubation with adamantylmethylamine
(AMADA) as a strong binder, centrifugation, and quantifying the remaining amount of AMADA in
solution by addition of CB7 and acridine orange to the supernatant. In accordance with the
previous results in which AMADA-Put was reacted with the surface, the resulting CB7 surface
coverage densities (ca. 0.3 nmol cm™) were significantly higher than the value for a CB7
monolayer on planar gold surfaces (ca. 0.08 nmol cm=2), which is due to the grafted layer of
poly(acrylic acid).
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Figure 15. a) Synthesis of monofunctionalized hydroxyl-CB7 (CB7-OH) and conversion into
propargyl-CB7 (CB7-OPr) by nucleophilic substitution. b) Surface-functionalization with CB7 of
poly(methyl methacrylate) (PMMA) particles with a grafted layer of poly(acrylic acid) by
introducing azide groups and subsequent click chemistry. c¢) Quantification of surface-bound
CB7 by extraction of AMADA and quantification of remaining AMADA in the supernatant using
acridine orange and CB7. Taken from ref. 1%,

Subsequently, the possibility to immobilize application-relevant molecules on the CB7-
functionalized particles was demonstrated with an aminoadamantyl-labeled rhodamine (Ada-
Rho), which was achieved by addition of CB7-functionalized particles to a buffered aqueous
solution containing Ada-Rho. Strong, quantitative binding between Ada-Rho and the CB7-
functionalized particles was inferred from a linear decrease of the absorbance and fluorescence
of the supernatant with increasing amounts of CB7-functionalized particles, which also
established that the maximal amount of Ada-Rho on the surface was significantly lower
(3.0 umol g*) than the amount of surface-bound CB7 (5.7 umol g2).

In view of the different surface coverage densities of Ada-Rho and CB7, it came as a surprise
that incubation of the CB7-functionalized particles with mixtures of AMADA and Ada-Rho gave
surface coverage densities of Ada-Rho, which depended linearly on the molar fraction of
AMADA and Ada-Rho (Figure 16). In addition, the resulting surface coverage densities of two
competitors should, in a thermodynamically equilibrated mixture, also depend on their binding
affinities, and the simple linear relationship suggested a kinetically controlled occupation of the
CB7 binding cavities, which is presumably limited by diffusion of AMADA and Ada-Rho into the
poly(acrylic acid) layer. It was further shown that addition of high concentrations of AMADA to
particles surface-functionalized with Ada-Rho caused a slow dissociation of Ada-Rho from the
particle surface demonstrating the principal reversibility of the host—guest interaction. Overall,
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the present work paves the way for on-demand configurable and stimuli-responsive
nanobioconjugates using CB7 host-guest interactions.
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Figure 16. Dependence of resulting Ada-Rho surface coverage densities on the mole fraction of
the competitor AMADA in mixtures of AMADA and Ada-Rho. Taken from ref. 123,
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Outlook

Since it its infancy, supramolecular chemistry has become a widely interdisciplinary research
field. The reason is that the fundamental concepts of supramolecular chemistry apply as well in
biological processes and determine the key properties of materials. This enables the design and
synthesis of artificial structures that report or interact with biological systems and it allows
implementing new functions into advanced materials. As summarized in this habilitation thesis,
my contribution to these research activities included the development, investigation, and
application of supramolecular host-guest systems as chemosensors, membrane transporters,
and for the controlled functionalization of surfaces. Future endeavors include the optimization of
the amphiphilic calixarenes to enhance the cellular uptake of cell-penetrating peptides and the
development of supramolecular chemosensors that work reliably in cells.

In order to rationally design these applications of host-guest systems, it is essential to know
the binding affinity as well as the exchange kinetics of the various combinations of hosts and
guests, particularly in the complex environments, in which the applications are being pursued,
i.e. biological buffers of various composition, in cells, and at interfaces. Noteworthy, these
parameters, in particular the exchange kinetics, and how different environments have an
influence on these parameters is largely unknown. For example, host-guest binding affinities of
cucurbiturils in water have been reported to cover a wide range from millimolar to attomolar
affinities (see Figure 17 for an example overview for CB7).18 This principally enables their use as
anchor groups (cf. Figure 5), but which affinity is required to tightly hold host and guest together
in a competitive cellular environment is hitherto unknown.
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Figure 17. Approximate binding affinities and minimal exchange kinetics (assuming diffusion-
limited association) of selected guests for CB7.
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In addition, it is worthwhile to consider that two strongly binding guests (working
concentrations above 1/Kj), which compete for a limiting amount of host, will establish
equilibrium concentrations according to:

[HG1] _Ka1[G1liot

1[Gy
[HG2] Ka2[Galiot

Therefore, it can be deduced that exchange will be quantitative at equimolar concentrations
of the two guests, if the binding constants differ by a factor of >100 (>99% exchange).
Conversely, another guest of the same affinity can quantitatively replace a first guest, when the
competitor concentration is 100times larger than the concentration of the first guest. This
enables a controlled, quantitative guest exchange regardless of the competitive environment.

It is tempting to rely on host-guest pairs with an ultrahigh affinity to afford stable complexes in
competitive environment,1%1% put this sacrifices the possibility to dynamically exchange the
guests and therefore the possibility of a response towards an external stimulus. To demonstrate
the limits of dynamic exchange, it worthwhile to consider that the maximal dissociation rate
constant, k_, is given by binding affinity, K,, and the maximal, diffusion-limited association rate
constant, ki = 7.4 x 10° Mt s

k., 7.4 x 10°M~1s71

k_ <
k_ K,

The integrated form of the first-order reaction rate law then gives the time, t, required for
dissociation of the host-guest complex as well as the time required to exchange 99% of the
guest, togve:

In 99
and tgg% = n_

= Ll .

k_  [HG]
The resulting times and rates have been included in Figure 17 to enable a direct comparison
between the binding affinity and the exchange rates. This clearly demonstrates that certain
assumptions previously made for the design of enzyme and membrane transport assays (dye
exchange much faster than the enzymatic reaction or the transport) break down and need to be
reconsidered for high-affinity guests in more competitive environments. In particular, this calls for
an established series of anchor groups with known affinities and exchange rates in various
environments, which would form the basis for a rational choice of host-guest pairs to enable
future applications of supramolecular host-guest chemistry in complex environments.
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Teaching Concept

This teaching concept has evolved from the conceptualization, preparation and the feedback
and experience from the courses that | have taught at Jacobs University Bremen. The courses
include: Supramolecular Chemistry lecture (5.0 ECTS) and lab course (2.5 ECTS), and the
courses Scientific and Experimental Skills (2.5 ECTS) and Enzyme and Binding Assays (2.5
ECTS). Various course materials have been prepared for the courses, for example, handouts

and lab manuals, which are available upon request.

The goal of my teaching is to convey to students how the knowledge that has been acquired
through research efforts can be applied by them in their future lives. This includes teaching
factual knowledge to students as well as promoting their self-development and supporting them
to acquire essential soft skills, such as prudence, care, diligence, frustration tolerance, and an

attentiveness to details.

In order to convey factual knowledge, | summarize the educational objective at the beginning
of each session, then explain the fundamental principles, and finally use selected examples to
further illustrate new concepts. For revision and consolidation of the study content, | refer to the
contents of textbooks as well as to the primary scientific literature. | regularly offer small tests to
enable students to assess and monitor whether they have successfully acquired the learning
targets. This also requires a continuous participation and an independent practice of the subject

matter by the students.

The soft skills of the students are systematically promoted by me using the different
education formats: lecture, seminar, tutorial, and lab. For example, the experiments in the lab
are conducted in small groups to promote the students’ ability to cooperate and work in teams,
or we discuss in seminars different approaches to solve a specific problem. Sometimes |
conceptualize arithmetic problems in such a way that only the correct answer instead of the
algorithm is being graded, which requires due diligence from the students. Scientific writing is
practiced by increasing the standards in lab protocols with every semester, and during lab
courses, | am conducting colloquia in order to promote communication skills and the ability to
respond positively to criticism. The core competence of any university graduate is the ability for
independent and self-motivated learning. Therefore, | offer recommended readings in addition to
the compulsory reading material. This piques the curiosity of the students for more advanced

topics.
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The students consider my courses to be demanding, but they also appreciate that | try to
convey my enthusiasm for science. This is usually achieved by referring to current developments
in science or to challenges of human society. Furthermore, a close personal contact to students
is important to me. In small lectures or seminars, | ask questions and strongly encourage
students to do so as well. This gives me direct feedback on their current state of knowledge, and
it conveys that the individual learning success of every student is important to me. For courses
involving larger numbers of students, | offer open office hours as well as the possibility to make
individual appointments. When | realize that students have particular difficulties, | proactively

initiate a personal conversation.

As time went by, | have learned to adapt my teaching style more individually to the different
courses and students, because | have experienced that what has worked well with one batch of
students may fail with a different batch. What I, however, always demand is a continuous and

active participation, in which the students independently practice in order to give their best.
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