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CHAPTER 1 

CONCEPT: SELF-ASSEMBLED VESICLES WITH FUNCTIONALIZED MEMBRANES 

 

 

 

Biological membranes play a key role for the function of living organisms. Thus many 

artificial systems have been designed to mimic natural cell membranes and their functions. 

A useful concept for the preparation of functional membranes is the embedding of 

synthetic amphiphiles into vesicular bilayers. The dynamic nature of such non-covalent 

assemblies allows the rapid and simple development of bio-inspired responsive 

nanomaterials, which find applications in molecular recognition, sensing or catalysis. 

However, the complexity that can be achieved in artificial functionalized membranes is still 

rather limited and the control of their dynamic properties and the analysis of membrane 

structures down to the molecular level remain challenging. 
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Introduction 

Many fundamental molecular processes in living organism are controlled by biological 

membranes. They play a key role in cell signalling transmitting the signal of external stimuli 

across cell membranes or between distinct cells. Molecular recognition processes of 

membrane embedded receptors and their dynamic ligand-induced assembly within the 

phospholipid bilayer sheets are essential for this function.1, 2 As a result it has become a 

wide, but still challenging field of research to mimic biological recognition and transport 

mechanisms and to derive and develop artificial systems – either to use them as models in 

order to gain a better understanding or as bio-inspired and biomimetic materials for 

completely different applications.3 

Besides solid-supported mono- and bilayer systems, unilamellar vesicles are useful 

membrane models.4 On a lab scale these spherical shells encapsulating an aqueous core are 

easily prepared from natural or synthetic amphiphiles via self-assembly by established 

methods.5 Various reports of vesicular membranes as nanoscale carrier systems6, 7 and 

reaction containers8, switchable assemblies9, 10 and sensor materials11-15 as well as 

supramolecular catalysts16 can be found in recent literature. In contrast to vesicles or 

liposomes, which are assembled from phospholipids, the so-called polymersomes17 are 

entirely built of one (or several) artificial functional amphiphile or block co-polymer.18 These 

compounds often require significant synthetic effort, but their vesicular aggregates can be 

employed as versatile stimuli-responsive nanomaterials. Such systems however are not 

within the scope of this brief concept article which is mainly focussed on biomimetic vesicles 

assembled from a (phospho)lipid scaffold and distinct embedded functional amphiphiles. 

Also the embedding of synthetic building blocks for artificial channels19, 20 or pores21 goes 

well beyond the scope of this article, thus transport processes22 across vesicle membranes as 

well as compartmentalization and triggered release of encapsulated compounds23 shall not 

be discussed in more detail here. Instead we want to present the development of surface 

functionalized vesicles by modular co-embedding and strategies to exploit dynamic 

rearrangement processes within these bilayers, inspired by biological cell membranes, for 

sensing and transformation of biomolecules. 

Functionalized vesicle membranes 

With growing interest in the function and properties of natural lipid bilayers synthetic 

liposomes have been intensively studied for several decades.24 They can be rapidly prepared 

on a lab scale by simple established procedures like dried film hydration or reverse phase 

evaporation. Homogeneous small or large unilamellar particles are usually obtained by 

sonication or extrusion through membranes with defined pore sizes.25 A number of 

physicochemical methods for their characterization are available allowing the 
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determination of shape and size distributions (DLS, AFM, TEM), phase transitions (DSC) and 

lipid diffusion or domain formation for instance via spectroscopic methods especially based 

on fluorescence. Compared to solid surfaces, however visualization and high resolution 

imaging of artificial membrane structures can be challenging due to their soft (and 

dynamic) nature and small size with a typical diameter of around 100 nm and a bilayer 

thickness below 5 nm. Nevertheless synthetic vesicles are increasingly used for analytical and 

medicinal chemistry and in material science in recent years. 
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Scheme 1. Schematic self-assembly of small unilamellar vesicles with functionalized membranes. The structures 
and main phase transition temperatures (TM) of common phospholipids as well as some examples of functional 
head groups and hydrophobic anchors for membrane-embedding are given: Polar heads include transition metal 
complexes based on Zn2+-cyclen or Cu2+-NTA, crown ether based hosts and fluorescent dyes like xanthene 
derivatives. Hydrophobic parts can be derived from (un-)saturated C10-C24 alkyl chains, cholesterol or hydrophobic 
dyes like pyrene. 
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Scheme 2. Structures of amphiphilic receptors and reporter dyes, peptide ligands and metal ion binding sites. 
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Probably the easiest way to modify and functionalize common phospholipid vesicles is to 

simply mix the lipid component with small amounts of artificial functional amphiphiles, 

which contain similar hydrophobic tails and a sufficiently polar head group, in order to 

embed these compounds in the lipid bilayers (cf. Scheme 1). Compared to completely 

synthetic assemblies of block copolymers known functional molecules like receptors, 

catalysts or chromophores are easily modified with hydrophobic anchors and incorporated 

into liposomes. The overall synthetic effort is reduced compared to covalent synthesis, (non-

)covalently coated nanoparticles or polymersomes, as the functional compounds and the 

lipid vesicles are readily available. Thus vesicle and membrane properties can be easily 

combined with functional dopants to obtain particles in large variety with easily tunable 

and adjustable functions and properties. Compared to smaller micellar aggregates of 

functional amphiphiles they provide a greater diversity and stability, which for numerous 

applications can compete with that of solid nanoparticles. The distribution of the embedded 

functional amphiphiles is determined by dispersion interactions and other weak 

intermolecular forces and significantly affected by the experimental conditions, such as 

individual concentration, temperature, ionic strength and others. Controlling the 

distribution and the rational design of defined structural patterns is therefore like in every 

multi parameter system a challenge and the careful optimization of the conditions is often 

necessary to obtain the desired properties. 

From bulk solution to two-dimensional surface arrays 

(Transition-)metal complexes present a group of functional molecules which can be of 

particular interest for the embedding in vesicle membranes.26 Not only is it known for long 

that natural cell membranes can complex calcium ions via acidic lipids to initiate the 

formation of rafts or aggregation and fusion processes.27 Transition metals and their 

complexes are widely used in synthetic chemistry and catalysis and provide a perfect 

headgroup to be placed at the vesicle membrane-water interface. Compounds with 

established properties can be selected and modified with a sufficiently hydrophobic tail, 

which allows incorporation into the membrane bilayer. Similar to the immobilization on 

polymer or nanoparticle supports the embedding of transition metal catalysts in vesicle 

membranes can change their reactivity compared to bulk solution.26 

We have recently shown this for the hydrolysis of phosphodiesters in neutral aqueous 

solution mediated by Zn2+-cyclen complexes (Scheme 2, compounds 1a and 1b). Such 

complexes have already been intensively studied and are well-known models for hydrolytic 

enzymes, which typically contain metal ions like zinc in their active center.28, 29 They promote 

the hydrolysis of active phosphodiesters, like BNPP (Figure 1) in aqueous solution and the 

dinuclear bis-cyclen complex 1a, developed in our group, belongs to the most active 
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catalysts for this reaction at neutral pH.30 Instead of combining several zinc ion metal centers 

covalently to di- or oligonuclear complexes, a non-covalent self-assembly was achieved by 

embedding amphiphilic complexes with a C18-alkyl chain (1b) in DSPC vesicle membranes.31 It 

was found that the vesicular catalysts containing tightly packed Zn2+-domains within their 

bilayer membranes outperformed the identical system in homogenous aqueous solution by 

several orders of magnitude regarding second order kinetics reaction rates and represented 

the most active artificial metal catalyst-system reported so far. Furthermore our self-

assembled soft particles provided a more convenient preparation and higher activities 

compared to solid functional nanoparticles32 but still a sufficient long-term stability to 

readily cleave otherwise stable substrates like native plasmid DNA and even non-activated 

oligonucleotide strands. The observed performance increase can be explained by the high 

local concentration of catalytic centers in the membrane patches (see Figure 1a) and thus 

enhanced substrate attraction and conversion as well as the decreased polarity at the 

vesicle-water interface facilitating a nucleophilic attack of the phosphodiester substrates 

compared to bulk solution. Although the reactivity of our synthetic supramolecular catalysts 

is still far below those of natural nucleases they provide an interesting model as they offer 

the possibility to easily combine highly reactive catalytic centers (as already shown) with 

recognition sites to improve the selectivity. 

 

  

Figure 1. (a) Schematic domain of membrane-embedded Zn2+-catalysts and hydrolytic cleavage of phosphodiester 
substrates; (b) Kinetic traces of Zn2+-cyclen catalysts in homogenous aqueous (1a, black trace) solution and in 
vesicular assemblies (1b, red trace) showing a dramatic performance increase for the model substrate bis(para-
nitrophenyl)phosphate (BNPP). 

The concept of a self-assembled vesicular multi-site catalyst has recently been expanded to 

different catalytic centers and particles by Uozumi et al.16 

Metal ion functionalized vesicles also play an important role for molecular recognition at 

the membrane-water interfaces.33 Transition metal complexes like the previously mentioned 

Zn2+-cyclens have found application as synthetic receptors,34 which selectively bind 

a) b) 
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phosphate anions with milli- to micromolar affinities.35 Several examples have been 

reported and combined with fluorescent labels via covalent connection36 or indicator 

displacement assays37 in order to develop luminescent chemosensors for all kinds of 

phosphate containing biomolecules. The assembly at a vesicle membrane interface can offer 

enhanced analyte selectivities and affinities here. The recognition takes place by multi-point 

interactions, which are difficult to achieve in solution as the covalent connection and 

synthesis of large receptor entities is tedious and time-consuming. Vesicle surface 

functionalization gives distinct interaction sites by incorporation of suitable amphiphiles 

into the lipid bilayer. For a proof of principle we have prepared vesicular multi-receptor 

surfaces from luminescent Zn2+-cyclen derivative 2 for sensing and differentiation of 

phosphorylated proteins.38 While low-molecular phosphates can be selectively recognized 

using metal complexes in homogenous solution such systems are not useful for the sensing 

of more complex analytes like proteins with different degrees of phosphorylation. With 2 

embedded in partially PEGylated DSPC membranes (cf. Figure 2) we could observe the 

selective binding of multiple phosphorylated α-S1-Casein, while a dephosphorylated sample 

or non-phosphorylated proteins, like BSA, did not trigger any response of the luminescent 

vesicle (Figure 3a). The affinities in the nanomolar range indicate a multi-dentate binding of 

the target protein, which is not possible by unimolecular receptors in bulk solution. 

Labeled membranes as optical reporters and transducers 

The coumarin-based fluorescence label attached to the Zn2+-cyclen binding sites of 2 

furthermore allows a direct optical sensing via emission quenching if the chromophores are 

assembled at the less polar bilayer-water interface, which could again not be observed with 

non-amphiphilic derivatives in bulk solution (Figure 3b). This difference in emission response 

can be explained by the preorganization and the more rigid environment of the embedded 

labels compared to the much higher degree of freedom in bulk solution, which hampers the 

communication between the analyte binding site and the reporter dye.  

 

Figure 2. Labeling of vesicle membranes by polymerized lipids (red) or dyes embedded either in the hydrophobic 
core (yellow), the polar head group region (blue) or in between (green). 
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Organic dyes that are commonly used to signal the presence of an analyte however 

generally have short-lived fluorescence lifetimes and their emission interferes with the 

background from biological samples. The embedding of amphiphilic lanthanide complexes, 

e.g. Tb3+ compounds can solve this problem. The long lived phosphorescence emission at 

long wavelengths allows time-gated measurements and therefore eliminates background 

interference. For instance, luminescent thermosensitive vesicles based on Tb complexes were 

recently reported.39 Furthermore binding events at artificial receptor-membranes can of 

course also be monitored by “label-free” techniques like ITC40 or SPR41 which however are 

generally less sensitive than fluorescence based methods. 

 

 

 

 

Figure 3. (a) By combining multiple binding sites (2) within a vesicle membrane multiply phosphorylated α-S1-
Casein could be differentiated from other proteins; (b) Membrane-embedded dyes with attached binding sites can 
be used for direct detection of analyte binding: Fluorescence emission of vesicular 2 is quenched in the presence 
of pyrophosphate (PPi) whereas the unimolecular derivative in homogeneous aqueous solution does not change 
its emission properties. 

The embedding of dyes inside the hydrophobic core of lipid membranes has been used 

extensively for examining lipid arrangement and diffusion inside the bilayer sheets and thus 

for the elucidation of membrane structures. A very common approach here is the use of 

pyrene-labeled lipids (cf. Figure 2) as these can optically transduce spatial information of 

lipid distribution via their monomer/excimer emission(-ratio).42 Coloured or fluorescent 

vesicles can be obtained by the embedding of dyes, but also by using polydiacetylene (PDA)-

modified lipids which are crosslinked by photopolymerization (cf. Figure 2). These particles 

respond to external stimuli like analyte binding, pH or temperature changes by blue-to-red 

colour transitions.43 Here the particle membrane itself is used as optical reporter and 

a) 

b) 



 

 

 

1 Concept: 
Self-assembled Vesicles with Functionalized Membranes 

9 

transducer and together with the embedding of selective receptors this approach allows the 

simple and rapid preparation of diverse colorimetric sensor materials,44 which are applicable 

as test strips or thin films. The co-embedding of monomer ligands with metal ion binding 

ability like terpy, DPA, DP and DEA (cf. Scheme 2) enables optical discrimination of Zn-, Cd-, 

Mn-, Ag- and Hg-salts amongst various other alkali, alkaline earth and transition metals 

(Figure 4). The same sensing system with embedded receptors 3 and 545 or quaternary 

ammonium groups46 was furthermore used for the recognition of biological phosphate 

anions and allowed the discrimination of ATP and PPi via colour and fluorescence emission 

changes of the vesicles, which presents a challenging task using luminescent metal 

complexes in homogeneous aqueous solution. While the intrinsic response of colorimetric 

vesicles can provide a convenient “naked-eye” detection the corresponding analyte 

affinities are usually only in the millimolar range. For most bioanalytic applications 

fluorescence spectroscopy is more suitable due to superior sensitivity. 

 

 

 

Figure 4. Intrinsic colorimetric sensing: Polymerized PDA-vesicle membranes with embedded metal ion binding 
sites like terpy, DPA, DP and DEA respond to the presence of different metals by a colour change. 

Amphiphilic dyes with polar chromophores as headgroups also allow an easy labelling of 

vesicles and enable further interesting applications. We recently demonstrated this by 

developing modular chemosensors on the basis of self-assembled vesicle membranes with 

a) 

b) 
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embedded amphiphilic binding sites and reporter dyes.47 Instead of covalently connecting a 

metal complex-binding site and a fluorescent reporter dye as parts of an optical 

chemosensor for small molecules in aqueous solution both components were co-embedded 

in DSPC vesicle membranes. We propose the formation of mixed receptor and dye patches in 

the lipid bilayers, which rearrange in the presence of the corresponding analytes. This 

results in an emission response of the environment-sensitive reporter dyes. By simple mixing 

of multiple receptors (“anionic” complex 6, “cationic” complex 1 or “neutral” host 9) and a 

reporter dye analytes, like histidine, phosphoserine and glycine could be selectively detected 

at sub-micromolar concentrations. Upon analyte binding a rearrangement of the mixed 

patches and a re-distribution of the dyes in separate phases is assumed and thus the optical 

output properties like wavelength and “turn-on” or “turn-off”-sensing could be easily 

adjusted by changing the properties of the embedded reporter dye. Compound 10 for 

instance leads to emission quenching, whereas carboxyfluorescein 11 responds with an 

increase in fluorescence intensity (Figure 5). 

 

 

Figure 5. Co-embedding of binding sites and reporter dyes: Initial clusters of receptors and dyes undergo phase 
separation upon receptor-ligand binding which results in an emission response of the environment-sensitive 
fluorophores. 

Vesicular assemblies therefore provide a handy scaffold for the non-covalent connection 

and local aggregation of functional organic molecules at lipid bilayer-water interfaces and 

the development of versatile sensing materials via embedded optical reporter groups (cf. 

Figure 2). The structure, packing and diffusion of embedded compounds is affected by 

intrinsic membrane properties, like lipid phase states and transitions, which furthermore 

allows the exploitation of dynamic rearrangement processes inside the bilayer sheets. 
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Dynamic functionalized interfaces responding to external stimuli 

In reference to natural receptor-ligand interactions at biological membranes multiple 

receptor sites can also be combined in artificial bilayers for the recognition of multivalent 

ligands via receptor recruiting. As a simple model system we have recently studied48 the 

binding of the divalent peptide P1 towards gel-phase (DSPC) and fluid-phase (DOPC) 

membranes doped with two different binding sites: Complex 12 for the phosphorylated 

serine (pSer) moiety of P1 and complex 6 for the His residue. To avoid additional fluorescent 

labels in the vesicle membranes here a fluorescent peptide P1 was used, which changes its 

emission intensity upon binding to the vesicle surface. It was found that compared to 

aqueous solution the non-covalently assembled receptors in the lipid bilayer membranes can 

be dynamically arranged and form a 2:1 complex with increased affinities in the nanomolar 

range (cf. Figure 6a) if the membrane’s phase state allows sufficient mobility at room 

temperature. For gel-phase vesicles made of DSPC instead just monodentate 1:1 binding of 

either the pSer or His residue was assumed due to considerably decreased affinities within 

the micromolar range. The concentrations of embedded binding sites were intentionally set 

to low levels (1 mol%) in order to keep the distinct functionalities dispersed in the initial 

particle states. If higher amounts of receptors were embedded the affinity to P1 increases 

for DSPC vesicles, which indicates initial receptor clustering and as a result (partial) 

formation of 2:1 complexes. Additionally a non-labelled peptide P2 was selectively 

recognized using membrane-embedded receptors that carry FRET-labels (7 and 13). At low 

concentrations (< 1 mol%) the labelled receptors are assumed to be dispersed within the 

lipid bilayers as only a limited energy transfer can be observed between FRET donor and 

acceptor label in the initial particle state. Upon binding of peptide P2 however both 7 and 

13 are recruited into close proximity, which induces a FRET emission (Figure 6b, c). The 

peptide to receptor binding occurs on the surface of a single vesicle and no aggregation or 

energy transfer between different vesicles was observed. With these results we could 

successfully demonstrate a ligand-induced formation of high-affinity epitopes for small 

peptides by dynamic receptor assembly within lipid bilayer membranes. 
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Figure 6. (a) Binding isotherms of P1 showing increased affinities for combined receptors 12 and 6 in DOPC 
membranes; (b) FRET-response of heterodimeric receptor clustering in DOPC membranes in the presence of P2; 
(c) Schematic binding of multivalent ligands (P2) to FRET-labeled receptors 7 and 13. 

The dynamic formation of such binary “1:1” and ternary “1:2” ligand-to-receptor complexes 

via clustering of membrane-embedded metal complexes has also been reported by other 

groups. Using a minimalistic model Smith et al.49 studied the association of the water-

soluble anionic dye CS with POPC-vesicle bound Zn2+-DPA complexes (cf. Scheme 2). The 

binding model changes with the receptor concentration in the membrane: For embedding 

of 10 mol% a 1:1 complex is dominant, whereas for higher loading levels of up to 30 mol% 

the predominant species is a 1:2 complex due to localizing of additional metal complexes. 

Additionally a cooperative binding of Cu2+ ions to membrane-bound dansyl-receptors has 

been previously described by Hunter, Williams et al. who reported complex formation of 

4:1, 2:1 or 1:1 depending on the present receptor concentration in the lipid bilayers.50 They 

observed increased (and interestingly also decreased) affinities compared to receptor-ligand 

binding in bulk solution which provides an indication how cells could control the formation 

of particular receptor-ligand clusters enabling a versatile response to external stimuli. 

In the previously mentioned studies the aggregation of vesicle by crosslinking was 

suppressed using PEGylated lipids or not observed at all. Other reports however have also 

described the competing intra- and inter-membrane binding modes of multivalent ligands 

towards vesicular receptor surfaces (Figure 7a). In an approach to develop a simple model 

for cell adhesion Webb et al.51, 52 prepared DSPC vesicle membranes with pyrene-anchored 

Cu2+-IDA complexes (4) and studied the effect of ligand valency via poly-histidine ligands. 

Receptor distributions were monitored by pyrene excimer-to-monomer emission and surface 

a) b) 

c) 
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affinities determined by isothermal titration calorimetry (ITC). They developed a binding 

model, which takes into account both intra- and intermembrane binding and observed an 

increasing crosslinking with increasing ligand valency (from mono-His to a 226-mer His), but 

no significantly increased affinities per binding unit. This was explained by the vesicles’ 

difficulty of forming multiple bonds to the poly-His ligands due to adopted ligand 

conformations and the gel-phase membrane which especially at low loading levels may 

prevent receptor clustering resulting in predominate crosslinking over intramembrane 

chelation. The mechanism and functional determinants for molecular recognition and inter-

vesicular docking, which finally lead to vesicle fusion have also been elucidated via other 

model systems.53 Bong et al. for instance reported a synthetic fusion system based on vesicle- 

functionalization with vancomycin glycopeptide and a D-Ala-D-Ala dipeptide.54 

 

 

 

Figure 7. (a) Schematic inter- and intramembrane binding modes of multivalent ligands towards embedded 
receptors; (b) General thermodynamic cycle for receptor clustering induced by monovalent receptors and ligands 
(reprinted with permission from Ref. 59). 

A reversible clustering of synthetic receptors in DSPC membranes in response to ligand 

binding was shown by Sasaki et al.55-57 In an approach towards developing metal ion sensors 

they embedded pyrene-labeled metal ion binding sites like IDA, BiPy or crown ethers (cf. 

b) 

a) 
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Scheme 2) in SUVs. The probe molecules initially formed small fluid-phase domains inside 

the gel-phase lipid bilayer, which can be observed by increased pyrene excimer emission. 

Upon coordination of metal ions with at least two positive charges (like Cu2+, Pb2+, Cr3+ and 

Fe2/3+) the functionalized headgroups were driven away from each other by electrostatic 

repulsion and become dispersed in the surrounding DSPC domains. This fast and reversible 

membrane reorganization was also followed by the decreased E/M emission ratio. Using 

time-resolved fluorescence in a recent study the group also reported a favoured formation 

of nanodomains by phase separation of pyrene-labeled lipids (PLLs) in DSPC membranes 

whereas PLLs in fluid POPC membranes were found to be rather homogeneously 

distributed.58 

The relation of monovalent ligands to receptor clustering processes was demonstrated by 

Tomas et al.59 who propose a combined binding-clustering thermodynamic cycle for the 

analysis of ligand interactions with membrane-embedded receptors (Figure 7b). Even 

without an apparent multivalent effect cluster formation between distinct amphiphilic 

metal complexes can be facilitated or hindered depending on electrostatic interactions. 

Variable amounts of negatively charged receptors based on Zn(II)-porphyrin (8) were 

incorporated into DMPC/cholesterol vesicles and examined in the absence/presence of 

various N-heterocyclic ligands. Positively charged ligands neutralized the receptor sites and 

favoured clustering due to less electrostatic repulsion. Negatively charged ligands however 

even increased the initial repulsive forces and resulted in greater spatial distances between 

the embedded metal complexes which were determined by UV-vis absorbance spectroscopy. 

This system provided another general model of addressable complexity, which can 

contribute to a better understanding of complex biological systems. 

  

Figure 8. Applications of ligand-induced receptor clustering: (a) Artificial signal transduction across membranes 
(reprinted with permission from Ref. 61); (b) A multi-dentate vesicular enzyme inhibitor (reprinted with permission 
from Ref. 62). 

In 2007 Hunter, Williams et al. reported the first transmission of binding information across 

lipid bilayers via a dansyl-transmembrane receptor and Cu2+-ions as messenger.60 In a later 

a) b) 
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study, Schrader et al. mimicked signal transduction across biological membranes by using 

cholesterol-based transmembrane building blocks functionalized with bisphosphonate 

dianions on one side and fluorescent dyes for FRET output on the other side.61 The anionic 

receptor sites located on the outside of 200 nm DPPC vesicles are assumed to be recruited by 

the presence of (poly)cations like diethylenetriammonium (DET). This way the 

complimentary Trp and dansyl labels on the other side of the membrane are brought into 

spatial proximity with the result of increased energy transfer (Figure 8a). As the membrane 

is impermeable for the messenger the transduction pathway is unidirectional from the 

recognition at the outer surface of the vesicle to the induced FRET output at the inner 

compartment, although the orientation of the transmembrane spanning compounds within 

the bilayer cannot be controlled and half of the recognition sites are not productive. 

Furthermore only a statistical third of all formed complexes are heterodimeric and useful for 

FRET. Although these models can of course not reflect the complexity of signal transduction 

processes at natural cell membranes or reproduce the corresponding affinities and 

selectivities with the latter approach it was nevertheless possible to create an entirely 

artificial signal transduction membrane system with selectivity for DET over other biological 

(poly)cationic species. 

As a potential application of multivalent receptor recruiting at liposomal surfaces62 Mallik et 

al. finally suggested the design of “multi-prong” enzyme inhibitors. For this two rather 

simple compounds with a specific active site-anchor for the target enzyme and additional 

non-specific metal complex binding sites for surface exposed residues were combined in 

fluid vesicle membranes. For human carbonic anhydrase II (hCA II) it was shown that POPC 

vesicles containing both an amphiphilic benzenesulfonamide inhibitor and membrane-

attached Cu2+-IDA complexes exhibit a stronger inhibitory effect towards the enzyme than 

particles containing none or only one of these components. This effect was explained with 

the increased affinity of the multidentate vesicles which selectively anchor the active site 

hCA II and additionally complex surface exposed histidine residues via the dynamically 

organized Cu2+-IDA sites (Figure 8b). This approach as a result could be transferred to 

different enzymes or other biological targets and may lead to the design of artificial 

antibodies for diagnostic applications. 

As indicated by the reports presented herein the formation of functional lipid rafts and the 

(reversible) clustering of artificial membrane-embedded receptor units in response to 

external stimuli is usually detected by indirect spectroscopic methods, like UV/Vis- or 

fluorescence changes, or changes in ligand affinities/selectivities detected by other 

physicochemical methods. Thus imaging of such dynamic molecular rearrangements at the 

membrane-water interface provides a remaining challenge to support the current 

hypotheses and understanding for these systems by a “seeing is believing” approach. 
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1 Concept: 
Self-assembled Vesicles with Functionalized Membranes 

Compared to solid particles and surfaces imaging of functionalized artificial bilayer 

membranes at molecular resolutions is still not accessible via standard techniques. The 

structural properties of such interfaces like the molecular ordering of surface layers are in 

discussion.63 

Despite the extremely easy and rapid preparation and variability of self-assembled 

functionalized vesicle membranes the control of spatial orientation of embedded functional 

molecules is a major challenge as some of the presented systems show. The random 

distribution of functional amphiphiles between the inner and outer leaflet of the bilayer 

sheets can be disadvantageous as it results in a loss of available interactions sites towards 

the exterior environment of the particles. This may be resolved by a post-functionalization 

approach: For this the vesicles are first assembled with randomly embedded “anchors” only 

and in a second step selectively functionalized on the outer surface in a covalent or non-

covalent way. With conditions excluding “flip-flop”-transitions this could provide additional 

spatial control of functional entities in artificial bilayer membranes. On the other hand the 

different functionalization of membrane faces, as demonstrated e.g. with membrane 

spanning compounds provide opportunities for directed transport or signalling and overall 

more complex functions. 

Summary and Outlook 

The embedding of functional amphiphiles derived from well-known and accessible 

compounds into biomimetic vesicle membranes allows the preparation of versatile 

nanomaterials for catalytic transformations or sensing applications. Catalyst activities can be 

readily improved by local surface aggregation effects, binding units easily combined with 

transducing optical labels and much more complex analyte structures differentiated via 

multi-point interactions compared to aqueous solution systems. The reported examples of 

biomimetic functional membranes can contribute to a better understanding of biological 

membranes although their level of complexity is still much simpler compared to their 

natural models. Nevertheless, it is possible to mimic some basic functions with artificial 

functionalized membranes. To extend the presented concepts of dynamic receptor 

recruiting by multivalent ligands we are currently trying to store such kind of spatial 

information in initially fluid membranes via successive crosslinking of functional groups and 

thus providing a new kind of imprinted materials. Artificial membranes are furthermore 

suitable for processing and may be used for the preparation of functionalized surfaces and 

microarrays.64 
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2 Luminescent Vesicular Receptors for the Recognition of Biologically Important Phosphate Species 

CHAPTER 2 

LUMINESCENT VESICULAR RECEPTORS FOR THE RECOGNITION OF 

BIOLOGICALLY IMPORTANT PHOSPHATE SPECIES 

 

The anion binding ability of bis-zinc cyclen 

complexes in buffered aqueous solution was 

investigated using indicator displacement assays 

(IDA) as well as luminescent labeled complexes. A 

high affinity to phosphate anions, such as UTP or 

pyrophosphate was observed in IDA while there 

was no observable binding of other anions. The 

binding affinity and as a result the selectivity 

between different phosphate anions correlates 

with their overall negative charge and steric 

demand. Complexes bearing luminescent labels 

did not respond to the presence of phosphate anions in homogeneous solution, but if 

embedded as amphiphiles in small unilamellar vesicle (SUV) membranes. The scope of 

possible anionic analytes was extended to phosphorylated protein surfaces by using such 

metal complex functionalized vesicles bearing oligoethylene glycol residues in an optimized 

amount on their surface to suppress non-specific interactions. Under physiological 

conditions these surface-modified vesicles show a selective response and nanomolar affinity 

for α-S1-Casein, which is multiple phosphorylated, while not responding to the 

corresponding dephosphorylated Casein or BSA. The vesicular luminescent metal complexes 

do currently not reach the sensitivity and selectivity of reported enzymatic assays or some 

chemosensors for phosphate anions, but they present a novel type of artificial receptors for 

molecular recognition. Membrane-embedding of multiple, different receptors and their 

possible structuring on the vesicular surface is expected to improve affinities and selectivities 

and may allow the design of artificial antibodies. 
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Introduction 

Molecular recognition of phosphate anions under physiological conditions is of interest as 

they are ubiquitously present in nature:1 in RNA and DNA, in phosphorylated saccharides 

and phosphorylated proteins.2-7 The nucleotide adenosine triphosphate (ATP) is the 

molecular currency of intracellular energy transfer,8 and pyrophosphate (P2O7
4-, PPi), the 

product of ATP hydrolysis, plays an important role in intracellular signalling.9 Therefore the 

development of artificial phosphate anion receptors for use under physiological conditions 

is of continuous interest. Such sensors are useful tools for the detection of biologically 

important phosphates interest,10-12 with applications in molecular biology, life and 

environmental sciences. 

Recent reports reveal that transition metal complexes with vacant coordination sites are 

well suited to serve as phosphate ion binding sites.13, 14 A widely used binding unit in 

phosphate chemosensors is the zinc(II)-dipicolylamine (Dpa) complex as demonstrated by 

Hamachi,15-21 Hong22-24 and Smith.25-27 Macrocyclic 1,4,7,10-tetraazacyclododecane (cyclen) 

transition metal complexes were reported as phosphate binding sites by Kikuchi28 and 

Kimura.29-32 We have recently reported the use of zinc(II)-cyclen as promoters in ester 

hydrolysis,33, 34 detection of phosphorylated peptides35 and proteins36 and for a sterically 

guided molecular recognition of nucleotides, nucleobases and phosphates in supramolecular 

self-assembled systems.37-39 

There are two typical ways to signal the binding of an analyte to a synthetic receptor: A 

luminescent group is located closely to the binding site and responds to the binding event 

by a change in its emission properties.40, 41 Alternatively, an indicator-displacement assay 

(IDA) based on the competitive binding of a pH indicator and the analyte to the non-labeled 

binding site is used to signal the interaction of the analyte and the receptor.42-45 

We describe here the preparation and binding properties of several 1,4,7,10-tetraazacyclo-

dodecane (cyclen) Zn(II) complexes and small unilamellar vesicles, which contain amphiphilic 

luminescent cyclen Zn(II) complexes as phosphate anion binding sites embedded in the 

vesicle membrane. 

Results and Discussion 

Syntheses of Zn(II)-cyclen complexes 

The previously reported triazine-bis-zinc cyclen complex 1 was modified by the introduction 

of fluorescent groups (2, 3), substitution with an alkyl chain (4) or both (5, 6). Scheme 1 

summarizes all prepared compounds. Complexes 1,34 236 and 437, 38 were synthesized as 
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previously reported and the preparation of compound 3 is described in the Supporting 

Information. 

 

Scheme 1. Fluorescent and amphiphilic binuclear Zn(II)-cyclen complexes 1 - 6 for phosphate anion binding in 
aqueous media. 
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Scheme 2. Synthesis of fluorescent amphiphilic binuclear Zn(II)-cyclen complexes 5 and 6. 
(a) Br-(CH2)n-CH3 (n = 11 or 17), K2CO3, DMF, 80 °C, 20 h; (b) NaOH, THF, reflux, 5 h; (c) TBTU, HOBt, DIPEA, DMF, 
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40 °C, 2.5 h; (d) HCl/ether, RT, o/n; (e) basic ion exchanger resin H2O, MeOH; (f) Zn(ClO4)2, MeOH, 65 °C, 
20 - 24 h. 

The synthesis of complexes 5 and 6 is shown in Scheme 2. Amphiphilic, fluorescent 

compounds 10 and 11 were obtained by Williamson ether synthesis with alkyl bromide on 

8-hydroxycoumarin-3-carboxylic acid ethyl ester 746 and subsequent saponification. Binuclear 

Zn(II)-cyclen complexes 5 and 6 were then prepared by amide formation using standard 

peptide coupling conditions in solution. 

Removing of the Boc protecting groups and subsequent basic ion exchanger resin gave the 

free amine ligands which finally were treated with two equivalents of a methanolic solution 

of Zn(ClO)4. Detailed experimental procedures and analytical data of the prepared 

compounds are provided in the Experimental Part and in the Supporting Information. 

Preparation of Zn(II)-cyclen modified vesicles 

Membrane-functionalized vesicles (vesicular receptors) were prepared from a mixture of 

commercially available synthetic phospholipid 1,2-distearoyl-sn-glycero-3-phosphocholine 

(DSPC) and amphiphilic Zn(II)-cyclen complexes 4, 5, 6 (10 mol% in respect to used DSPC) by 

the well-established film-hydration-method.47 The resulting multilamellar vesicles (MLVs) 

were homogenized by extrusion to yield small unilamellar vesicles (SUVs) of a defined size 

of 80 - 100 nm.  

 

Figure 1. Scheme of functionalized vesicles with surface exposed receptors that respond to phosphate anions by 
decreasing fluorescence emission.  

The individual receptor units of the obtained vesicles are assumed to be equally distributed 

in both layers of the liposomal membrane as reported for similar surface modified vesicles.48 

Thus, we established a correction factor f describing the outer surface exposed receptors as 

a fraction of its entire quantity of matter. This factor enables the determination of the 

effective concentration of available binding sites on the outer layer of the vesicle (for details 

see Experimental Part). As the main phase transition temperature (Tm) of DSPC vesicles is 

reported to be 54 °C,49 no transverse (flip-flop) diffusion is assumed to occur at room 

temperature. 
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Characterization of vesicle dispersions  

The particle size, particle number and sample dispersity of the prepared vesicle dispersions 

were determined by dynamic light scattering (DLS)50, 51 and the average hydrodynamic 

diameter of the functionalized vesicles was found to be 80 (±5) nm. Generally, homogenized 

SUV dispersions are assumed to be free of impurities and thus no further purification is 

required. Nevertheless vesicles can be passed through size exclusion chromatography (SEC) 

columns to ensure complete exclusion of unimolecular amphiphiles or aggregates of lower 

molecular weight.52 All prepared vesicle dispersions were stored as buffered aqueous 

solutions at 6 °C and used within 2 weeks.  

Phosphate anion binding studies  

Zn(II) complexes of cyclen possess very high stability constants (log KZn-cyclen = 16.2)53, 54 and as 

a result no decomplexation of the artificial receptors is assumed to occur under the 

conditions of the following binding studies. Initially, the binding properties of Zn(II)-cyclen 1 

to various phosphate species were investigated in homogeneous aqueous solution by an 

indicator displacement assay utilizing pyrocatechol violet (PV) in HEPES buffered solution 

(10 mM, pH 7.4) by UV-VIS spectroscopy. Upon coordination to zinc cyclen complexes PV 

shows a colour change resulting from a decreasing absorption at λmax = 443 nm and an 

increasing absorption at λmax = 636 nm (Figure 2 Left).55-58 By addition of aliquots of aqueous 

solutions (HEPES buffer 10 mM, pH 7.4) of the sodium or potassium salts of ATP, ADP, cAMP, 

GTP, PPi, hydrogen phosphate and phenyl phosphate to a 1:1 mixture of 1 and PV (35 μM 

each) the indicator is partially or fully displaced (Figure 2 Right). 

  

Figure 2. (Left) Addition of 1 (0-105 μM) to a constant concentration of PV (35 μM). Titrations were performed 
at 25 °C in 10 mM HEPES buffer, pH 7.4. (Right) UV/Vis spectra of a 1:1 mixture 1 and PV (50 μM, λmax = 636 
nm) in the presence of various anions (250 μM). Only phosphate anions are able to displace the indicator with 
λmax = 443 nm. The displacement, and therefore the binding ability of 1, is proportional to the number of 
negative charges on the phosphate. 

The binding constants (log K) of 1 to the different phosphate anions (Table 1) were derived 

from the concentrations of PV and the respective phosphate anion at 50% release of the 
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indicator. The addition of other anions, such as SO4
2-, NO3

-, N3
-, CO3

2-, Br-, Cl-, ClO4
-, tartrate, 

ascorbate or acetate, did not displace the PV indicator from the metal complex: the 

absorption at λmax = 443 nm remains unchanged and only a slight decrease at λmax = 636 nm 

is observed.59 Under the experimental conditions no hydrolysis of pyrophosphate or ATP was 

induced by the bis-zinc cyclen complexes over several hours as confirmed by HPLC-MS and 

NMR (see Supporting Information). 

The binding affinity is clearly influenced by the number of negative charges on the 

phosphate and their steric demand, as was previously reported for other phosphate anion 

receptors.60-63 Nucleotides like ATP have four negative charges at the given pH and show the 

highest binding constants (log K ~ 6) together with PPi, which has only three negative 

charges, but is sterically much less demanding and as a result also exhibits a very high 

charge density. Nucleoside diphosphates show affinities, which are up to one order of 

magnitude lower (~ 5) and similar to inorganic phosphate. Phenyl phosphate shows an 

again decreased affinity with a log K of 4.2. For cAMP (log K = 3.8) partial displacement of 

the indicator was observed only upon addition of an excess of more than six equivalents of 

the analyte. As the IDA method represents an indirect method for the determination of the 

binding event, we used the Zn(II)-cyclen complexes 2 and 3, which bear a fluorescence label 

and investigated their response in homogeneous aqueous buffered solution to phosphate 

anions (e.g. PPi, ATP, GTP, ADP, Na2HPO4, GDP and other nucleotides). However, none of the 

added anions induced a significant change in the absorption or emission properties of 2 or 3 

(See Supporting Information). The coordination of a phosphate anion obviously does not 

influence the photophysical properties of the covalently attached fluorophores.  

Having acquired this information on phosphate anion binding of complexes 1, 2 and 3 in 

homogeneous solution we turned our attention to self-assembled surface modified vesicles 

for anion sensing39 and molecular recognition.48, 64 Thus a set of vesicular receptors modified 

by the amphiphilic phosphate binding moieties 4 – 6 were prepared. 

A vesicular receptor (VR-4) with the hydrophobic binuclear Zn(II)-cyclen complex 4 was 

prepared and its binding affinity to various phosphate anions was investigated by IDA 

methods employing coumarin methyl sulfonate (CMS) as an indicator dye (rigthrightright 3 

Left). The highest binding constant was found for UTP (7.2), which exceeded the affinities of 

the other tested nucleotides ATP and GTP (both 6.5). This may be explained by the binding 

of both, phosphate and imide moieties of UTP to the Zn(II)-macrocycles (see SI).37, 38 

However, no difference in binding affinities of the nucleoside diphosphates UDP and GDP 

was observed. GDP and UDP both show a binding constant of 5.2 as due to the weaker 

coordination capabilities of diphosphates the affinity is one to two orders of magnitude 

lower compared to the respective triphosphates. Pyrophosphate, due to its small size and 
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high charge density, exhibited a remarkable binding affinity with a log K value of 7.1. 

Fructose-1,6-bisphosphate also binds tightly (log K = 6.4), which might be explained by the 

favourable interaction with two bis-Zn(II)-cyclen moieties revealing additive or even 

cooperative action: following the binding of the first phosphate group, the binding of the 

second phosphate group is facilitated by the preformed substrate-receptor complex. 

Inorganic phosphate showed the same binding constant as the diphosphates GDP and UDP. 

At the given pH value inorganic phosphate exists predominantly as a dianion, having one 

negative charge less than GDP and UDP. The similar binding affinities might be explained by 

the lack of steric hindrance of inorganic phosphate as well as by an increase of its acidity 

upon complexation by the bis-Zn(II)-cyclen moieties resulting in an additional negative 

charge. The phosphate monoesters phenylphosphate and phosphoserine, in contrast, bind 

with an affinity one order of magnitude lower than inorganic phosphate, obviously due to 

their larger steric demands and only two acidic protons present at the phosphate moiety. 

For all tested and compared compounds the respective binding constants to the vesicular 

receptor were found to be higher than those to complex 1. Only a minor increase was found 

for the monophosphates phenylphosphate and inorganic phosphate, whereas the 

difference in the binding constants for pyrophosphate amounted to an entire order of 

magnitude. 

 
 

Figure 3. (Left) Fluorescence quenching of CMS in the presence of VR-4. (Right) Relative changes in emission 
intensity obtained by displacement with various analytes. 

The ion selectivity of vesicular receptor VR-4 was investigated by the addition of other 

anionic compounds like sulphate, azide and acetate (see Supporting Information and Figure 

2 Right). Furthermore, imidazole was tested as a potential ligand as the bis-Zn(II)-cyclen 

moieties are known to have a weak affinity for histidine residues.65 None of these 

compounds showed a considerable affinity towards the vesicular receptor VR-4. Thus, 

binding constants for these compounds could not be determined, but were estimated to be 

smaller than log K = 2. 
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Using the amphiphilic fluorescent binuclear Zn(II)-cyclen 6 and its corresponding vesicular 

receptor VR-6 a direct signalling of the phosphate ion binding event was possible: upon 

addition of phosphate anions, such as PPi, ATP, fructose-1,6-bisphosphate and inorganic 

phosphate, the emission intensity at 405 nm of the coumarin label decreased (Figure 3 Left). 

To the best of our knowledge this technique of anion sensing with membrane-embedded 

fluorescence-labeled metal complexes has not been reported so far. The determined binding 

affinities exceed the micro molar range and are consistent with the corresponding values 

obtained by the indicator displacement assay for the vesicular receptor VR-4 and compound 

1. Modifying the tethered hydrophobic alkyl chain of the binuclear Zn(II)-cyclen complex 

from C18 to C12 (compound 5) did not affect the binding affinity of the vesicular receptor 

VR-5 to PPi and ATP (Table 1). 

  log K 

Entry Phosphate species 1 VR-4 VR-5 VR-6 

1 Pyrophosphate  5.9[a] 7.1[c] 6.6 6.6 

2 UTP 5.4[c] 7.2[c] – – 

3 ATP 5.9[a] 6.5[c] 6.6 6.6 

4 GTP 5.8[a] 6.5[c] – – 

5 GDP – [b] 5.2[c] – – 

6 UDP 4.9[c]  5.2[c] – – 

7 Fructose-1,6-bisphosphate – [b] 6.4[c] – 6.1 

8 Inorganic phosphate 4.9[a] 5.2[c] – 5.5 

9 p-Ser – [b] 4.3[c] – – 

10 Ph-O-PO3 4.0[a] 4.2[c] – – 

Table 1. Summary of binding constants to various phosphate species obtained by indicator displacement assays 
in solution for the binuclear Zn(II)-cyclen motif. Error limits for the determined binding constants are ± 0.2. 

[a] Binding affinities were obtained by IDA methods (indicator dye: PV) with UV-VIS absorption titration. [b] No 
binding experiments were performed. [c] Binding affinities were obtained by IDA methods (indicator dye: CMS) by 

emission titration (λex = 396 nm, λem
 = 480 nm). 

Monitoring of phosphate binding to compounds 2 and 3 by changes of their luminescence 

was not possible in aqueous solution, most likely due to the flexible linkage of binding and 

signalling sites. Compounds 5 and 6 are expected to be embedded with their alkyl chain and 

the coumarin dye into the vesicle bilayer, as reported for similar coumarin derivatives.66, 67 

This should significantly restrict their movement in the highly ordered vesicle bilayer, which 

might be beneficial for the sensing properties.68, 69 In addition, the local polarity change at 

the fluorophore, which is a crucial factor for the response to phosphate binding, is expected 

to be larger at the vesicle membrane-water interface compared to bulk water.66, 67 Coumarin 

dye derivatives are known for their solvatochromism in various solvents of different 

polarity.70-73 
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Subsequently to the binding studies with low-molecular weight phosphate species, binding 

towards larger analytes bearing several phosphate anions was investigated to potentially 

take advantage of the numerous binding sites on the surface of the nanometer-sized 

vesicles. To demonstrate this, the affinities towards proteins with and without multiple 

phosphorylated sites were determined: α-S1-Casein from bovine milk bearing eight 

phosphorylated serine residues was expected to specifically interact with the zinc cyclen 

receptors on the vesicle surface. A (for the most part) dephosphorylated sample of the same 

protein and BSA were used as control to exclude non-specific vesicle-protein interactions. 

The vesicular receptors (VR-6) exhibited, as expected, a significant non-specific interaction to 

all tested proteins regardless of the presence of phosphorylated sites (data not shown). Such 

non-specific interactions between proteins and liposome surfaces, for example due to 

electrostatic attraction, are well documented.74 

To suppress the non-specific interactions between the surfaces of liposome and protein and 

to gain selectivity for the phosphate anion zinc-cyclen receptor interaction the vesicular 

surface was shielded by polyethylene glycol (PEG) residues. Therefore vesicles were prepared 

from mixtures of DSPC and DSPC-PEG350 having an oligoethylene glycol residue attached to 

its polar head groups (See Supporting Information). 

 

Figure 4. (Left) Fluorescence quenching of VR-6 in the presence of pyrophosphate anions. (Right) Relative 
emission response of VR-6P in the presence of different proteins (0.05 equivalents). Inset plot shows 

corresponding binding isotherms of α-S1-Casein, dephosphorylated α-S1-Casein and BSA to VR-6P [5 x 10-6 M 
Zn(II)]. 

At an optimum composition of about 6:4 DSPC to DSPC-PEG350 (VR-6P) the non-specific 

binding is suppressed sufficiently to allow a selective recognition of α-S1-Casein (Figure 4 

Right). Due to its multiple phosphorylations the protein’s affinity is in the nanomolar range 

and about two orders of magnitude higher than the affinity determined for a single 

phosphate group (Table 1). BSA shows only a very small relative change in fluorescence 

intensity as does the dephosphorylated α-S1-Casein sample, which still contains residual 

phosphate moieties. Furthermore the two control proteins do not give meaningful binding 
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isotherms. Vesicles with a lower PEG-content showed reduced or no selectivity, whereas a 

higher PEG-concentration on the vesicular surface decreases the binding affinity to the 

phosphate groups significantly (data not shown). 

Conclusion 

Indicator displacement assays revealed the binding of bis-zinc(II)-cyclen complex 1 or the 

vesicle embedded amphiphilic complex 4 to phosphate anions in buffered aqueous solution. 

Contrary, bis-zinc(II)-cyclen derivatives 2 and 3, which are covalently modified with coumarin 

or dansyl labels, respectively, show no response to the presence of phosphate anions in 

homogeneous aqueous solution. Only if the amphiphilic coumarin labeled derivatives 5 and 

6 are embedded into vesicular membranes, they show a luminescent response to the 

presence of phosphate anions. We explain this by the more confined environment of the 

fluorophore in the membrane if compared to homogeneous solution and the change of this 

environment and the localization of the fluorophore upon phosphate anion binding. Such 

membrane embedded luminescent metal complexes responding to the presence of anions 

have not been reported before and may find applications in sensory surfaces or particles. 

The binding affinity of all bis-zinc(II)-cyclen complexes towards phosphate anions correlates 

with the overall charge the steric demand of the anions. The discrimination of low 

molecular phosphate species by the vesicular receptors is not sufficient for practical 

analytical applications, but they provide an ideal scaffold for the molecular recognition of 

biologically important multivalent targets. This is illustrated by their specific interaction with 

a phosphorylated protein. To suppress non-specific interactions an optimized amount of 

PEG-modified amphiphiles was used to prepare the functionalized vesicles, which showed a 

selective response and nanomolar affinity to the phosphorylated protein α-S1-Casein. The 

simple method of their preparation may allow the development of more complex vesicles 

responding with even higher affinity and selectivity by the combination of different 

synthetic receptors into the membrane surface. Our ongoing investigations focus on the 

preparation of new receptor building blocks and chromophores and the recognition of 

multivalent ligands by multi-receptor vesicles. 

Experimental Part 

General methods and material 

Fluorescence spectra were recorded on a ‘Cary Eclipse’ fluorescence spectrophotometer and 

absorption spectra on a “Cary BIO 50” UV/VIS/NIR spectrometer from Varian. All 

measurements were performed in 1 cm quartz cuvettes (Hellma) and UV-grade solvents 

(Baker or Merck) at 25 °C. DLS measurements were carried out on a Malvern Zetasizer 3000 

at 25 °C using 1 cm disposable cuvettes (Sarstedt) using automatically optimized settings. 
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NMR Spectra: Bruker Avance 600 (1H: 600.1 MHz, 13C: 150.1 MHz, T = 300 K), Bruker Avance 

400 (1H: 400.1 MHz, 13C: 100.6 MHz, T = 300 K), Bruker Avance 300 (1H: 300.1 MHz, 13C: 

75.5 MHz, T = 300 K). The chemical shifts are reported in   [ppm] relative to external 

standards (solvent residual peak). The spectra were analyzed by first order, the coupling 

constants are given in Hertz [Hz]. Characterization of the signals: s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet, bs = broad singlet, psq = pseudo quintet, dd = double 

doublet, dt = double triplet, ddd = double double doublet. Integration is determined as the 

relative number of atoms. Assignment of signals in 13C-spectra was determined with DEPT-

technique (pulse angle: 135 °) and given as (+) for CH3 or CH, (–) for CH2 and (Cq) for 

quaternary Cq. Error of reported values: chemical shift: 0.01 ppm for 1H-NMR, 0.1 ppm for 

13C-NMR and 0.1 Hz for coupling constants. The solvent used is reported for each spectrum. 

Mass Spectra: Varian CH-5 (EI), Finnigan MAT 95 (CI; FAB and FD), Finnigan MAT TSQ 7000 

(ESI). Xenon serves as the ionization gas for FAB. IR Spectra were recorded with a Bio-Rad 

FTS 2000 MX FT-IR and Bio-Rad FT-IR FTS 155. Melting Points were determined on Büchi SMP 

or a Lambda Photometrics OptiMelt MPA 100. Thin layer chromatography (TLC) analyses 

were performed on silica gel 60 F-254 with 0.2 mm layer thickness and detection via UV light 

at 254 nm / 366 nm or through staining with ninhydrin in EtOH. Column chromatography 

was performed on silica gel (70–230 mesh) from Merck. Commercially available starting 

materials and solvents were used without any further purification except stated otherwise. 

Optional drying and purification was performed according to accepted general 

procedures.75, 76 Elemental analyses were carried out by the centre for chemical analysis of 

the Faculty of Chemistry and Pharmacy at the University of Regensburg. 

Synthesis 

 

7-Dodecyloxy-2-oxo-2H-chromene-3-carboxylic acid ethyl ester (8) 

Under nitrogen atmosphere hydroxy-coumarin ethylester 7 (779 mg, 3.3 mmol) was 

dissolved in dry DMF (12 mL) and K2CO3 (2.68 g, 11.6 mmol) was added. Subsequently 

1-bromododecane (1.2 mL, 5.0 mmol) was given dropwise to the stirred to suspension. The 

reaction mixture was stirred over night (20 h) at 80 °C. The reaction progress was monitored 

by TLC (chloroform). K2CO3 was filtered off and the filtrate was concentrated. The crude 

product was purified by flash column chromatography on flash silica gel (chloroform; 

Rf = 0.48) yielding compound 8 (537 mg, 1.33 mmol, 40%) as yellow solid. MP: 71 °C. – 1H-

NMR (400 MHz; CDCl3): δ (ppm) = 0.87 (t, 3J = 7.1 Hz, 3 H, COSY: C24H3), 1.17-1.36 (m, 16 H, 

COSY: C16H2 – C23H2), 1.38 (t, 3J = 7.1 Hz, 3 H, COSY: C1H3), 1.43-1.51 (m, 2 H, COSY: C15H2), 
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1.81 (quin, 2 H, COSY: C14H2), 4.03 (t, 3J = 6.1 Hz, 2 H, COSY: C13H2), 4.39 (q, 3J = 7.1 Hz, 2 H, 

COSY: C2H2), 6.78 (d, 3J = 1.9 Hz, 1 H, HMBC: C7H), 6.87 (dd, 3J = 1.9 Hz, 8.5 Hz, 1 H, COSY: 

C10H), 7.48 (d, 3J = 8.5 Hz, 1 H, COSY: C9H), 8.49 (s, 1 H, HMBC: C12H). – 13C-NMR (100 MHz; 

CDCl3): δ (ppm) = 14.1 (+, 1 C, HSQC, COSY: C24H3), 14.3 (+, 1 C, HSQC, COSY: C1H3), 22.6, 

29.26, 29.29, 29.47, 29.52, 29.59, 31.9 (–, 8 C, HSQC, COSY: C16H2 – C23H2), 25.9 (–, 1 C, HSQC, 

COSY: C15H2), 28.8 (–, 1 C, HSQC, COSY: C14H2), 61.3 (–, 1 C, HSQC, COSY: C2H2), 70.0 (–, 1 C, 

HSQC, COSY: C13H2), 100.8 (+, 1 C, HSQC, HMBC: C7H), 114.0 (+, 1 C, HSQC, COSY: C10H), 130.6 

(+, 1 C, HSQC, COSY: C9H), 149.0 (+, 1 C, HSQC, HMBC: C10H), 111.4 (Cq, 1 C, HMBC: C11), 113.9 

(Cq, 1 C, HMBC: C6), 157.2 (Cq, 1 C, HMBC: C5), 157.6 (Cq, 1 C, HMBC: C4), 163.5 (Cq, 1 C, HMBC: 

C3), 164.7 (Cq, 1 C, HMBC: C8). – IR (KBr) [cm-1]: ν~ = 2918, 2847, 1748, 1693, 1598, 1553, 1469, 

1434, 1378, 1301, 1213, 1110, 1027, 793, 722. – UV (CHCl3): λmax (lg ε) = 352 nm (4.423). – MS 

(CI (NH3): m/z (%) = 403.2 (100) [MH+], 420.2 (38) [M + NH4
+]. – HRMS Calcd for C24H34O5: 

402.2406; Found: 402.2398. – MF: C24H34O5 – FW: 402.54 g/mol 

 

 

7-Dodecyloxy-2-oxo-2H-chromene-3-carboxylic acid (9) 

Under nitrogen atmosphere hydroxy-coumarin ethylester 7 (1.3 g, 5.6 mmol) was dissolved 

in dry DMF and K2CO3 (2.7 g, 19.5 mmol) was added. Subsequently 1-ocatedecylamine (2.8 g, 

8.4 mmol) was given dropwise to the stirred to suspension. The reaction mixture was stirred 

over night (20 h) at 60 °C. The reaction progress was monitored by TLC (chloroform). K2CO3 

was filtered off and the filtrate was concentrated. The crude product was purified by flash 

column chromatography on flash silica gel (chloroform; Rf = 0.34) yielding compound 

9 (1.4 g, 2.8 mmol, 50%) as yellow solid. MP: 84 °C. –1H-NMR (300 MHz; CDCl3): δ (ppm) = 

0.87 (t, 3J = 6.7 Hz, 3 H, CH3), 1.12-1.35 (m, 28 H, CH2), 1.39 (t, 3J = 7.1 Hz, 3 H, CH3), 1.43-1.54 

(m, 2 H, CH2), 1.81 (quin, 2 H, CH2), 3.63 (t, 3J = 6.6 Hz, 1.7 H, CH2), 4.02 (t, 3J = 6.6 Hz, 0.3 H, 

CH2), 4.39 (t, 3J = 7.1 Hz, 2 H, CH2), 6.79 (d, 3J = 2.2 Hz, 1 H, CH), 6.87 (dd, 3J = 2.3 Hz, 8.6 Hz, 1 

H, CH), 7.48 (d, 3J = 8.8 Hz, 1 H, CH), 8.49 (s, 1 H, CH). – 13C-NMR (75 MHz; CDCl3): δ (ppm) = 

14.1 (+, 1 C, CH3), 14.3 (+, 1 C, CH3), 22.7 (–, 1 C, CH2), 25.8 (–, 0.2 C, CH2), 25.9 (–, 0.8 C, CH2), 

28.9 (–, 1 C, CH2), 29.32 (–, 1 C, CH2), 29.38 (–, 1 C, CH2), 29.46 (–, 0.2 C, CH2), 29.54 (–, 0.8 C, 

CH2), 29.59 (–, 1 C, CH2), 29.67, 29.71 (–, 8 C, CH2), 31.9 (–, 0.9 C, CH2), 32.8 (–, 0.1 C, CH2), 61.7 

(–, 0.8 C, CH2), 63.1 (–, 0.2 C, CH2), 69.0 (–, 1 C, CH2), 100.8 (+, 1 C, CH), 111.5 (Cq, 1 C), 113.8 

(Cq, 1 C), 114.0 (+, 1 C, CH), 130.7 (+, 1 C, CH), 149.1 (+, 1 C, CH), 157.3 (Cq, 1 C), 157.7 (Cq, 1 

C), 163.5 (Cq, 1 C), 164.8 (Cq, 1 C). – IR (ATR) [cm-1]: ν~ = 2916, 2849, 1746, 1702, 1624, 1510, 

1472, 1376, 1228, 1180, 1040, 847, 793, 718. – UV (CHCl3): λmax (lg ε) = 352 nm (4.246). – MS 
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(EI): m/z (%) = 486.3 (20) [M+·], 440.4 (12) [M+· - EtOH], 247.0 (50) [M+· - C17H35
·], 234.0 (100) 

[M+· - C18H36], 189.0 (90) [M+· - C18H36 - EtO·]. – HRMS Calcd for C30H46O5 486.3345; Found: 

486.3347. – MF: C30H46O5 – FW: 486.70 g/mol 

 

 

7-Dodecyloxy-2-oxo-2H-chromene-3-carboxylic acid (10) 

Ethyl ester of compound 8 (386 mg, 0.96 mmol) was dissolved in THF (6.0 mL) and heated to 

reflux. Subsequently 2 M NaOH (15.4 mL) were added and the solution was refluxed for 5 h. 

Reaction control was performed by TLC (chloroform). The reaction mixture was cooled to 

room temperature and further to 0 °C by an ice bath. The yellow solution was acidified with 

1 M HCl until a white precipitate was formed which was isolated by filtration and washed 

with cold water. Compound 10 was obtained as a white solid (360 mg, 0.96 mmol, 100%). 

MP: 126 °C. – 1H-NMR (600 MHz; CDCl3): δ (ppm) = 0.87 (t, 3J = 7.0 Hz, 3 H, HSQC, COSY: 

C1H3), 1.16-1.33 (m, 14 H, HSQC, COSY: C2H2 – C8H2), 1.33-1.42 (m, 2 H, HSQC, COSY: C9H2), 

1.47 (quin, 3J = 7.4 Hz, 2 H, HSQC, COSY: C10H2), 1.84 (quin, 3J = 7.6 Hz, 2 H, HSQC, COSY: 

C11H2), 4.08 (t, 3J = 6.5 Hz, 2 H, HSQC, COSY: C12H2), 6.89 (d, 4J = 2.0 Hz, 1 H, HSQC, COSY: 

C14H2), 6.99 (dd, 3J = 8.8 Hz, 4J = 2.2 Hz, 1 H, HSQC, COSY: C15H2), 7.62 (d, 3J = 8.7 Hz, 1 H, 

HMBC, HSQC: C21H2), 8.84 (s, 1 H, HMBC, HSQC: C17H2), 12.16 (bs, 1 H, HSQC: COOH23). – 13C-

NMR (150 MHz; CDCl3): δ (ppm) = 14.1 (+, 1 C, HSQC, COSY: C1H3), 22.6, 29.29, 29.46, 29.51, 

29.58, 29.59, 31.9 (–, 7 C, HMBC, HSQC: C2H2 – C8H2), 25.8 (–, 1 C, HSQC, COSY: C10H2), 28.8 (–, 

1 C, HSQC, COSY: C11H2), 29.23 (–, 1 C, HSQC, COSY: C9H2), 69.4 (–, 1 C, HSQC, COSY: C12H2), 

101.2 (+, 1 C, HSQC, COSY: C14H), 110.6 (Cq, 1 C, HMBC, HSQC: C18), 112.1 (Cq, 1 C, HMBC, 

HSQC: C16), 115.4 (+, 1 C, HSQC, COSY: C15H), 131.6 (+, 1 C, HMBC, HSQC: C21H), 151.2 (+, 1 C, 

HMBC, HSQC: C17H), 157.1 (Cq, 1 C, HMBC, HSQC: C20), 163.1 (Cq, 1 C, HMBC, HSQC: C19), 164.6 

(Cq, 1 C, HMBC, HSQC: C22), 165.9 (Cq, 1 C, HMBC, HSQC: C13). – IR (ATR) [cm-1]: ν~ = 2914, 

2846, 1734, 1686, 1619, 1560, 1504, 1466, 1429, 1384, 1258, 1217, 1121, 922, 807, 720. – UV 

(CHCl3): λmax (lg ε) = 277 (4.305), 358 nm (4.418). – MS (ESI(–), EE/MeOH + 10 mmol/L NH4Ac): 

m/z (%) = 373.1 (100) [M – H+]-, 329.1 (13) [M – CO2]-, 747.4 (8) [2 M – H+]-. – HRMS Calcd for 

C22H30O5: 374.2093; Found: 374.2088. – MF: C22H30O5 – FW: 374.48 g/mol 
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7-Octadecyloxy-2-oxo-2H-chromene-3-carboxylic acid (11) 

Ethyl ester of compound 9 (297 mg, 0.61 mmol) was dissolved in THF (5.0 mL) and heated to 

reflux. Subsequently 2 M NaOH (10.3 mL) were added and the solution was refluxed for 4 h. 

Reaction control was performed by TLC (chloroform). The reaction mixture was cooled to 

room temperature and further to 0 °C by an ice bath. The yellow solution was acidified with 

1 M HCl until a white precipitate was formed which was isolated by filtration and washed 

with cold water. After drying in vacuum 278 mg (0.61 mmol, 100%) of compound 11 were 

obtained as a white solid. MP: 125 °C. – 1H-NMR (300 MHz; CDCl3): δ (ppm) = 0.86 (t, 3J = 6.7 

Hz, 3 H, CH3), 1.03-1.38 (m, 28 H, CH2), 1.41-1.58 (m, 2 H, CH2), 1.68-1.97 (m, 2 H, CH2), 3.64 (t, 

3J = 6.7 Hz, 0.2 H, CH2), 4.08 (t, 3J = 6.4 Hz, 1.8 H, CH2), 6.89 (d, 4J = 2.5 Hz, 1 H, CH), 6.99 (dd, 

3J = 8.8 Hz, 4J = 2.5 Hz, 1H, CH), 7.62 (d, 3J = 8.8 Hz, 1 H CH), 8.84 (s, 1 H, CH). – 13C-NMR (75 

MHz; CDCl3): δ (ppm) = 14.1 (+, 1 C, CH3), 22.7 (–, 1 C, CH2), 25.9 (–, 1 C, CH2), 28.8 (–, 1 C, 

CH2), 29.3 (–, 1 C, CH2), 29.4, (–, 1 C, CH2), 29.53 (–, 1 C, CH2), 29.58 (–, 1 C, CH2), 29.67 (–, 2 C, 

CH2), 29.71 (–, 6 C, CH2), 31.9 (–, 1 C, CH2), 69.4 (–, 1 C, CH2), 101.2 (+, 1 C, CH), 110.6 (Cq, 1 C), 

112.2 (Cq, 1 C), 115.5 (+, 1 C, CH), 131.7 (+, 1 C, CH), 151.3 (+, 1 C, CH), 157.1 (Cq, 1 C), 

163.2 (Cq, 1 C), 164.6 (Cq, 1 C), 166.0 (Cq, 1 C). – IR (ATR) [cm-1]: ν~ = 2915, 2850, 1733, 1686, 

1622, 1560, 1505, 1471, 1383, 1256, 1221, 1122, 1005, 820, 798. – UV (CHCl3): λmax (lg ε) = 358 

nm (4.009). – MS (ESI(+), DCM/MeOH + 10 mmol/L NH4Ac): m/z (%) = 459.3 (100) [MH+], 476.3 

(25) [M + NH4
+]. – HRMS Calcd for C28H42O5 458.3032; Found: 458.3026. –MF: C28H42O5 – FW: 

458.64 g/mol 
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7-Dodecyloxy-2-oxo-2H-chromene-3-carboxylic acid {2-[4,6-bis-(1,4,7,10 tetraaza-

cyclododec-1-yl)-[1,3,5]triazin-2-yl]-ethyl}-1,4,7-tricarboxylic acid tri-tert-butyl 

ester (13) 

7-Dodecyloxy-2-oxo-2H-chromene-3-carboxylic acid 10 (200 mg, 0.53 mmol), DIPEA (368 µL, 

2.14 mmol), TBTU (189 mg, 0.59 mmol), and HOBt (90 mg, 0.59 mmol) were dissolved under 

nitrogen atmosphere in dry DMF/THF (2 mL/4 mL) under ice cooling and stirred for 1 h. 

Subsequently 12 (635 mg, 0.59 mmol) dissolved in DMF (2 mL) was added dropwise. The 

reaction was allowed to warm to room temperature and was stirred 30 min at rt and 2.5 h 

at 40 °C. The reaction progress was monitored by TLC (ethyl acetate/petrol ether). After 

completion of the reaction the solvent was removed and the crude product was purified by 

flash column chromatography on flash silica gel (ethyl acetate/petrol ether 1:1; Rf = 0.25) 

yielding compound 13 (608 mg, 79%) as a lightly yellow solid. MP: 113 °C. – 1H-NMR (400 

MHz; CDCl3): δ = 0.85 (t, 3J = 6.9 Hz, 3 H, HSQC, COSY: C1H3), 1.20-1.33 (m, 18 H, HSQC, COSY: 

C2H2 – C10H2), 1.41 (s, 18 H, HSQC, COSY: C33H3), 1.42 (s, 36 H, HSQC, COSY: C33H3), 1.80 (quin, 

3J = 7.3 Hz, 2 H, HSQC, COSY: C11H2), 3.02-3.89 (m, 36 H, HSQC, COSY: C24H2, C25H2, C30H2), 

4.02 (t, 3J = 6.5 Hz, 2 H, HSQC, COSY: C12H2), 4.99 (bs, 1 H, HMBC, HSQC: NH23), 6.81 (d, 4J = 

2.2 Hz, 1 H, HMBC, HSQC, COSY: C21H2), 6.90 (dd, 4J = 2.3 Hz, 3J = 8.8 Hz, 1 H, HMBC, HSQC, 

COSY: C14H), 7.54 (d, 3J = 8.8 Hz, 1 H, HMBC, HSQC, COSY: C15H), 8.79 (s, 1 H, HMBC, HSQC: 

C17H), 8.87 (m, 1 H, HMBC, HSQC: NH26). – 13C-NMR (100 MHz; CDCl3): δ = 14.0 (+, 1 C, HSQC, 

COSY: C1H3), 22.6, 25.9, 29.23, 29.26, 29.46, 29.49, 29.55, 29.57, 31.8 (–, 9 C, HSQC, COSY: 

C2H2 – C10H2), 28.43, 28.47 (+, 18 C, HSQC, COSY: C33H3), 28.8 (–, 1 C, HSQC, COSY: C11H2), 39.8, 

40.6 (–, 2 C, HSQC, COSY: C24H2, C25H2), 50.2 (–, 16 C, HSQC, COSY: C30H2), 69.0 (–, 1 C, HMBC, 

HSQC: C12H2), 79.7 (Cq, 6 C, HMBC, HSQC: C32), 100.7 (+, 1 C, HMBC, HSQC, COSY: C21H), 112.1 

(Cq, 1 C, HMBC, HSQC: C16), 114.35 (+, 1 C, HMBC, HSQC, COSY: C14H), 114.41 (Cq, 1 C, HMBC, 

HSQC: C19), 130.8 (+, 1 C, HMBC, HSQC, COSY: C15H), 148.3 (+, 1 C, HMBC, HSQC, COSY: C17H), 

156.3 (Cq, 6 C, HMBC, HSQC: C31), 156.7 (Cq, 1 C, HMBC, HSQC: C20), 161.7 (Cq, 1 C, HMBC, 

HSQC: C18), 162.7 (Cq, 1 C, HMBC, HSQC: C22), 164.5 (Cq, 1 C, HMBC, HSQC: C13), 165.9 (Cq, 3 C, 

HMBC, HSQC: C27, C28, C29). – IR (KBr) [cm-1]: ν~ = 2973, 2929, 2878, 1686, 1603, 1535, 1501, 

1466, 1408, 1247, 1160, 1026, 971, 858, 776. – UV (CHCl3): λmax (lg ε) = 351 nm (4.336). – MS 
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(ESI(+), EE/MeOH + 10 mmol/L NH4Ac): m/z (%) = 1437.3 (100) [MH+], 569.0 (12) [M + 2 H+ – 3 

Boc]2+, 518.9 (20) [M + 2 H+ – 4 Boc]2+, 468.8 (17) [M + 2 H+ – 5 Boc]2+, 418.8 (13) [M + 2 H+ – 6 

Boc]2+. 

 

 
7-Octadecyloxy-2-oxo-2H-chromene-3-carboxylic acid {2-[4,6-bis-(1,4,7,10 

tetraaza-cyclododec-1-yl)-[1,3,5]triazin-2-ylamino]-ethyl}-1,4,7-tricarboxylic acid 

tri-tert-butyl ester (14) 

7-Octadecyloxy-2-oxo-2H-chromene-3-carboxylic acid 11 (160 mg, 0.35 mmol), DIPEA (360 µL, 

2.09 mmol), TBTU (123 mg, 0.38 mmol), and HOBt (59 mg, 0.38 mmol) were dissolved under 

nitrogen atmosphere in dry DMF/THF (2 mL / 4 mL) under ice cooling and stirred for 1 h. 

Subsequently 12 (415 mg, 0.38 mmol) dissolved in DMF (2 mL) was added dropwise. The 

reaction was allowed to warm to room temperature and was stirred 30 min at rt and 4.5 h 

at 40 °C. The reaction progress was monitored by TLC (ethyl acetate/petrol ether). After 

completion of the reaction the solvent was removed and the crude product was purified by 

flash column chromatography on flash silica gel (ethyl acetate/petrol ether 1:1; Rf = 0.25) 

yielding compound 14 (375 mg, 71%) as a colourless solid. MP: 108 °C. – 1H-NMR (600 MHz; 

CDCl3): δ = 0.86 (t, 3J = 7.2 Hz, 3 H, HSQC, HMBC: C1H3), 1.24 (m, 28 H, HSQC, HMBC: C2H2 – 

C15H2), 1.31-1.64 (m, 56 H, HSQC, HMBC: boc-CH3, C16H2), 1.78-1.83 (m, 2 H, HSQC, HMBC: 

C17H2), 3.00-3.92 (m, 36 H, HSQC, HMBC: cyclen-C36H2, C30H2, C31H2), 4.02 (t, 3J = 6.5 Hz, 2 H, 

HSQC, HMBC: C18H2), 5.04 (bs, 1 H, HSQC, HMBC: N32H), 6.82 (d, 4J = 2.3 Hz, 1 H, HSQC, 

HMBC: C27H), 6.90 (dd, 3J = 8,7 Hz, 4J = 2.3 Hz, 1 H, HSQC, HMBC: C20H), 7.55 (d, 3J = 8,7 Hz, 1 

H, HSQC, HMBC: C21H), 8.79 (s, 1 H, HSQC, HMBC: C23), 8.88 (m, 1 H, HSQC, HMBC: N29H). – 

13C-NMR (150 MHz; CDCl3): δ = 14.1 (+, 1 C, HSQC, HMBC: C1H3), 22.6 (–, 1 C), 25.9 (–, 1 C), 

29.26 (–, 1 C), 29.30 (–, 1 C), 29.52 (–, 1 C), 29.59 (–, 2 C), 29.61 (–, 1 C), 29.63 (–, 5 C), 31.9 (–, 1 

C) HSQC, HMBC: C2H2 – C16H2), 28.4, 28.5 (+, 18 C, HSQC, HMBC: C39H3), 28.8 (–, 1 C, HSQC, 

HMBC: C17H2), 39.7 (–, 1 C, HSQC, HMBC: C30H2), 40.6 (–, 1 C, HSQC, HMBC: C31H2), 50.3 (–, 16 

C, HSQC, HMBC: C36H2), 69.0 (–, 1 C, HSQC, HMBC: C18H2), 79.7 (Cq, 6 C, HSQC: C37), 100.7 (+, 1 

C, HSQC, HMBC: C27H), 112.4 (Cq, 1 C, HSQC, HMBC: C22), 114.37 (+, 1 C, HSQC, HMBC: C20H), 

114.39 (Cq, 1 C, HSQC, HMBC: C24), 130.9 (+, 1 C, HSQC, HMBC: C21H), 148.3 (+, 1 C, HSQC, 
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HMBC: C23H), 156.7 (Cq, 7 C, HSQC, HMBC: C26, C38), 161.7 (Cq, 1 C, HSQC, HMBC: C25), 162.7 

(Cq, 1 C, HSQC, HMBC: C28), 164.5 (Cq, 1 C, HSQC, HMBC: C19), 165.9 (Cq, 3 C, HSQC, HMBC: C33, 

C34, C35). – UV (CHCl3): λmax (lg ε) = 350 nm (4.333). – MS (ESI(+), DCM/MeOH + 10 mmol/L 

NH4Ac): m/z (%) = 1521.4 (100) [MH+], 769.7 (46) [MH+ + NH4
+]2+, 761.2 [M + 2 H+]2+. 

 

 

7-Dodecyloxy-2-oxo-2H-chromene-3-carboxylic acid {2-[4,6-bis-(1,4,7,10 tetraaza-

cyclododec-1-yl)-[1,3,5]triazin-2-ylamino]-ethyl}-amide (15) 

Compound 13 (200 mg, 0.14 mmol) was dissolved in DCM (4 mL) and cooled to 0 °C. 

Subsequently TFA (901 µL, 11.7 mmol) was added. The solution was stirred 15 min at 0 °C 

and additionally 20 h at room temperature. The solvent was removed in vacuo, yielding 

quantitatively the protonated TFA salt of compound 15 as a pale yellow solid. To obtain the 

free base of compound 15 a weak basic ion exchanger resin was swollen for 15 min in water 

and washed neutral with water. A column was charged with resin (1.1 g, 40 mmol hydroxy 

equivalents at a given capacity of 5 mmol/g). The hydrochloride salt was dissolved in water / 

MeOH (8:2), applied to the column and eluated with water / MeOH (8:2). The elution of the 

product was controlled by pH indicator paper (pH > 10) and was completed when pH 

became neutral. The eluate was concentrated and lyophilised to yield 110 mg (93%) of free 

base 15, as pale yellow solid. MP: 174°C. – 1H-NMR (400 MHz; CDCl3): δ = 0.85 (t, 3J = 6.9 Hz, 3 

H, CH3), 1.19-1.37 (m, 16 H, CH2), 1.39-1.49 (m, 2 H, CH2), 1.80 (quin, 3J = 7.2 Hz, 2 H, CH2), 

2.82-3.84 (m, 36 H, CH2), 4.02 (t, 3J = 6.2 Hz, 2 H, CH2), 6.80 (d, 4J = 1.8 Hz, 1 H, CH), 6.93 (dd, 

3J = 8.7 Hz, 4J = 1.7 Hz, 1 H, CH), 7.02 (bs, 1H, NH), 7.66 (d, 3J = 8.8 Hz, 1 H, CH), 8.73 (s, 1 H, 

CH), 9.18 (bs, 1 H, NH). – 13C-NMR (100 MHz; CDCl3): δ = 14.0 (+, 1 C, CH3), 22.6 (–, 1 C, CH2), 

25.9 (–, 1 C, CH2), 28.8 (–, 1 C, CH2), 29.27 (–, 2 C, CH2), 29.46 (–, 1 C, CH2), 29.51 (–, 1 C, CH2), 

29.56 (–, 2 C, CH2), 31.8 (–, 1 C, CH2), 39.2 (–, 1 C, CH2), 39.3 (–, 1 C, CH2), 42.5 (–, 1 C, CH2), 

43.3 (–, 2 C, CH2), 43.7 (–, 1 C, CH2), 44.8 (–, 4 C, CH2), 45.8 (–, 4 C, CH2), 46.9 (–, 4 C, CH2), 69.1 

(–, 1 C, CH2), 100.8 (+, 1 C, CH), 111.9 (Cq, 1 C), 113.4 (Cq, 1 C), 114.5 (+, 1 C, CH), 131.3 (+, 1 C, 

CH), 148.5 (+, 1 C, CH), 156.8 (Cq, 1 C), 161.6 (Cq, 1 C), 163.7 (Cq, 1 C), 164.9 (Cq, 1 C), 165.9 (Cq, 

1 C), 167.2 (Cq, 1 C), 168.0 (Cq, 1 C). – IR (ATR) [cm-1]: ν~ = 2926, 2855, 1676, 1597, 1536, 1496, 

1418, 1366, 1297, 1198, 1174, 1120, 1017, 795, 719. – UV (CHCl3): λmax (lg ε) = 352 nm (4.197). 
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– LC-MS (+ c ESI Q1MS): m/z (%) = 418.7.0 (100) [M + 2 H+]2+, 836.6 (10) [MH+]. – HRMS Calcd 

for C43H74N13O4 836.5987; Found: 836.5960. 
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7-Octadecyloxy-2-oxo-2H-chromene-3-carboxylic acid {2-[4,6-bis-(1,4,7,10 

tetraaza-cyclododec-1-yl)-[1,3,5]triazin-2-ylamino]-ethyl}-amide (16) 

Compound 14 (375 mg, 0.26 mmol) was dissolved in DCM (4 mL) and cooled to 0 °C. 

Subsequently HCl/ether (14 mL) was added. The solution was stirred 15 min at 0 °C and 

additionally 24 h at room temperature. The solvent was removed in vacuo, yielding 

quantitatively the protonated HCl salt of compound 16 as a pale yellow solid. To obtain the 

free base of compound 16 a weak basic ion exchanger resin was swollen for 15 min in water 

and washed neutral with water. A column was charged with resin (1.9 g, 40 mmol hydroxy 

equivalents at a given capacity of 5 mmol/g). The hydrochloride salt was dissolved in water / 

MeCN (5:1), loaded onto the column and eluated with water / MeCN (5:1). The elution of 

the product was controlled by pH indicator paper (pH > 10) and was completed when pH 

again was neutral. The eluate was concentrated and lyophilised to yield 200 mg (85%) of 

free base 16, as colourless solid. MP: 179 °C. – IR (ATR) [cm-1]: ν~ = 3347, 2921, 2850, 1708, 

1594, 1538, 1496, 1418, 1362, 1274, 1222, 1142, 1017, 809, 739. – UV (CHCl3): λmax (lg ε) = 354 

nm (4.360). – LC-MS (+ c ESI Q1MS): m/z (%) = 460.8 (100) [M + 2 H+]2+, 920.7 (5) [MH+]. – 

HRMS Calcd. for C49H86N13O4 920.6926; Found: 920.6901. No meaningful NMR data were 

obtained most likely due to slow molecular motion of parts of the molecule on the NMR 

timescale. 
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Binuclear Zn(II)-cyclen-coumarin-C12 (6) 

A solution of compound 15 (50 mg, 60 µmol) in MeOH (1 mL) was heated to 65 °C and 

subsequently a methanolic solution of Zn(ClO4)2 (0.1 M, 1.2 mL, 120 µmol) was added 

dropwise. After stirring the reaction mixture for 20 h at 65 °C, the methanol was removed in 

vacuo. The residue was dissolved in water and was lyophilized yielding complex 5 as a 

colourless solid in quantitative yield (82 mg). MP: 232 °C. – IR (ATR) [cm-1]: ν~ = 3537, 3303, 

2929, 2854, 1702, 1599, 1546, 1424, 1347, 1283, 1224, 1058, 964, 848. – UV (CHCl3): λmax (lg ε) 

= 353 nm (3.740). – MS (ESI(+), DCM/MeOH + 10 mmol/L NH4Ac): m/z (%) = 540.9 (100) [M4+ + 

2 CH3COO-]2+, 561.9 (26) [M4+ + ClO4
-+ CH3COO-]2+, 510.9 (20) [M4+ – H+ + CH3COO-]2+. 

 

 
Binuclear Zn(II)-cyclen-coumarin-C18 (5) 

Compound 16 (100 mg, 0.11 mmol) was dissolved in 5 mL of water and heated to 65 °C 

yielding a clear yellow solution. Subsequently zinc(II)-perchlorate (81 mg, 0.22 mmol) 

dissolved in 5 ml of water was added slowly to the stirred reaction mixture, which was 

stirred for additional 24 h at 65 °C. The solvent was removed in vacuo and the residue was 

redissolved in water and lyophilized to yield 158 mg (quantitative) of 6 as a lightly yellow 

solid. MP: 209 °C. – 1H-NMR (600 MHz; CDCl3 / CD3CN 1:1): δ = 0.86 (t, 3J = 7.1 Hz, 3 H, HSQC, 

HMBC: C1H3), 1.20-1.31 (m, 26 H, HSQC, HMBC: C2H2 – C14H2), 1.31-1.37 (m, 2 H, HSQC, HMBC, 

ROESY: C15H2), 1.41-1.46 (2 H, HSQC, HMBC, ROESY: C16H2), 1.73-1.80 (m, 2 H, HSQC, HMBC, 

ROESY: C17H2), 2.51-3.57 (m, 36 H, HSQC, HMBC: cyclen-CH2, C30H2, C31H2), 4.06 (t, 3J = 6.5 Hz, 

2 H, HSQC, HMBC: C18H2), 6.11 (s, 1 H, HSQC, ROESY: cyclen-NH), 6.20 (s, 1 H, HSQC, ROESY: 
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cyclen-NH), 6.29 (s, 1 H, HSQC, ROESY: cyclen-NH), 6.44 (s, 1 H, HSQC, ROESY: cyclen-NH), 

6.87 (d, 4J = 2.2 Hz, 1 H, HSQC, HMBC, ROESY: C27H), 6.95 (dd, 3J = 8.7 Hz, 4J = 2.3 Hz, 1 H, 

HSQC, HMBC, ROESY: C20H), 7.74 (d, 3J = 8.7 Hz, 1 H, HSQC, HMBC, ROESY: C21H), 8.85 (s, 1 H, 

HSQC, HMBC, ROESY: C23H), 9.22 (m, 1 H, HSQC, ROESY: NH29). – 13C-NMR (150 MHz; CDCl3 / 

CD3CN 1:1): δ = 14.3 (+, 1 C, HSQC, HMBC: C1H3), 26.3 (–, 1 C, HSQC, HMBC, ROESY: C16H2), 

23.1, 29.7, 29.94, 29.97, 30.1, 32.3 (–, 13 C, HSQC, HMBC: C2H2 – C14H2), 29.3 (–, 1 C, HSQC, 

HMBC, ROESY: C17H2), 29.75 (–, 1 C, HSQC, HMBC: C15H2), 39.9, 42.6, 44.3, 45.8, 45.9, 46.3, 

46.9 3 (–, 18 C, HSQC, HMBC, ROESY: cyclen-CH2, C30H2, C31H2), 69.8 (–, 1 C, HSQC, HMBC, 

ROESY: C18H2), 101.4 (+, 1 C, HSQC, HMBC, ROESY: C27H), 112.8 (Cq, 1 C, HSQC, HMBC: C22), 

113.8 (Cq, 1 C, HSQC, HMBC: C24), 115.1 (+, 1 C, HSQC, HMBC, ROESY: C20H), 132.3 (+, 1 C, 

HSQC, HMBC, ROESY: C21H), 149.8 (+, 1 C, HSQC, HMBC, ROESY: C23H), 157.5 (Cq, 1 C, HSQC, 

HMBC: C26), 162.1 (Cq, 1 C, HSQC, HMBC: C25), 164.8 (Cq, 1 C, HSQC, HMBC: C28), 165.6 (Cq, 1 C, 

HSQC, HMBC: C19). – IR (ATR) [cm-1]: ν~ = 3355, 2919, 2851, 1705, 1655, 1612, 1534, 1426, 

1276, 1225, 1051, 926. – UV (CHCl3): λmax (lg ε) = 355 nm (3.523). – MS (ESI(+), EE/MeOH + 

10 mmol/L NH4Ac): m/z (%) = 583.0 (100) [M4+ + 2 CH3COO-]2+. 

 

Vesicle preparation and characterization 

In a small round-bottom flask 2 - 12 mg (2.5 - 15 µmol) of DSPC were dissolved in 5 - 10 mL 

of chloroform and 10 mol% of the respective amphiphilic receptors were added. After 

warming to 75 °C under vigorous shaking, the solvent was slowly removed under reduced 

pressure to yield a thin lipid film. Traces of solvent were removed by high vacuum. An 

appropriate amount of buffer (HEPES 25 mM, pH 7.4) was added to obtain lipid 

concentrations of 1.5 – 2.5 mM and heating to 75 °C for 15-30 min yielded a turbid MLV-

suspension. SUV-dispersions were obtained by extrusion through 100 nm-pore size poly-

carbonate membranes with a LiposoFast liposome extruder from Avestin.47, 77 

Vesicle dispersions were separated from low molecular weight solutes on minicolumns of 

Sephadex LH-20 gel filtration media as described in literature.52 

Vesicle Molar composition Size λex λem 

VR-4 DSPC/4 10:1 80 ± 5 nm - - 

VR-5 DSPC/5 10:1 95 ± 5 nm 349 nm 406 nm 

VR-6 DSPC/6 10:1 95 ± 5 nm 349 nm 406 nm 

VR-6P DSPC/DSPC-PEG350/ 6 5.6:4.4:1 100 ± 5 nm 349 nm 406 nm 

Table 2. Vesicle compositions, size distribution and emission properties. 
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Binding studies 

All titrations were carried out at 25 °C in HEPES buffer (25 mM, pH 7.4) and corrected for 

dilution. Data analysis was performed with Origin 8 software. 

Receptor concentration on vesicle surface 

For all binding studies the concentration of vesicular receptors refers to the outer surface 

exposed binding units according to Equation 1. 

o

o i

f
σ

σ σ
=

+  

Equation 1. Correction factor f for surface exposed receptor molecules as a fraction of its entire quantity of 
matter. 

The ratio of outer surface (σo) and inner (σi) surface of the respective vesicles was calculated 

using the hydrodynamic diameters obtained from dynamic light scattering and the 

assumption that the bilayer thickness for the prepared vesicles generally amounts 

to 5 nm.78, 79 

Indicator displacement assays (IDA) 

Evaluation of the indicator binding towards receptors 1 and VR-4 was performed by 

utilizing Hill plots, whereas for the subsequent displacement titrations a competitive 

binding model was used.80 For all titrations the initial indicator concentration was 3.5 x 10‐

5 M for PV and 5.0 x 10‐7 M for CMS. After each addition, the cuvette was shaken for 

1 minute before the absorption (PV: λmax = 636 nm) or fluorescence spectrum (CMS: 

λex = 396 nm, λem = 480 nm) was recorded. 

 

Figure 5. Comparison of binding isotherms obtained by indirect IDA methods of 1 and VR-4 to PPi. 
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Vesicular receptor binding monitored by direct emission 

Evaluation of phosphate binding towards the vesicular receptors VR-5 and VR-6 was 

performed by plotting Δ emission values against the analyte concentration and employing 

non-linear curve fitting using the Hill equation. The initial concentration of vesicular 

receptors for all titrations was 5.0 x 10‐7 M, after each analyte addition, the cuvette was 

shaken for 1 minute before the fluorescence spectrum (λex = 348 nm, λem = 406 nm) was 

recorded. 

 

Supporting Information 

Synthesis and characterization of compound 3 

 

Scheme S1. Synthesis of fluorescent bis-Zn(II) cyclen complex 3. (a) 5-Dimethylamino-naphthalene-1-sulfonic acid 
(2-amino-ethyl)-amide 17, K2CO3, dioxane, reflux, 72 h; (b) TFA, DCM RT 12 h, basic ion exchanger resin; 
(c) Zn(ClO4)2, H2O, 65 °C. 
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5-Dimethylamino-naphthalene-1-sulfonic acid {2-[4,6-bis-(1,4,7,10-tetraaza-

cyclododec-1-yl)-[1,3,5]triazin-2-ylamino]-ethyl}-1,4,7-tricarboxylic acid tri-tert-

butyl ester (19) 

A solution of 18 (0.89 g, 0.84 mmol) in 25 mL of dioxane was stirred under nitrogen for 

5 min, then a solution of 5-dimethylamino-naphthalene-1-sulfonic acid (2-amino-ethyl)-

amide 17 (0.62 g, 2.1 mmol) in dioxane (75 mL) was added dropwise and K2CO3 (0.58 g, 4.2 

mmol, 5 eq.) was added. The mixture was refluxed for 72 h at 140 ºC under nitrogen 

atmosphere. After completion, all inorganic salts were filtered off, the solvent was removed 

under reduced pressure and the crude product was purified by column chromatography on 

neutral alumina (EE/PE 3:7 to 2:3). Compound 19 was obtained as a yellow solid (0.82 g, 

75%). MP: 113 °C (sublimation). – 1H-NMR (400 MHz; CDCl3): δ = 1.41 (bs, 54 H, CH3-Boc), 2.86 

(s, 6 H, CH3N), 3.10-3.68 (m, 36 H, CH2 chain and CH2 cyclen), 4.77 (bs, 1 H, NHSO2), 6.95 (bs, 1 

H, NH-triazine), 7.13 (d, 1 H, 3J = 7.6 Hz, CH), 7.47 (dd, 1 H, 3J = 7.6, 8.7 Hz, CH), 7.48 (dd, 1 H, 

3J = 7.3, 8.5 Hz, CH), 8.21 (d, 1 H, 3J = 7.3 Hz, CH), 8.36 (d, 1 H, 2J = 8.7 Hz, CH), 8.5 (d, 1 H, 2J = 

8.5 Hz, CH). – 13C-NMR (400 MHz; CDCl3): δ = 28.5 (+, CH3-Boc), 41.8 (–, CH2NHSO2), 43.6 (–, 

CH2NH-triazine), 45.4 (+, (CH3)2N), 50.09, 50.16, 50.25, 50.29 (–, CH2 cyclen), 79.78, 80.1, 

80.3 (Cq, Boc), 115.0, 123.1, 127.78, 127.82, 129.8, 129.8, 129.9, 129.9 (+, CH); 135.08 (Cq, Cq-

SO2), 151.7 (Cq, Cq-N-(CH3)2), 156.2 (Cq, Boc), 165.8 (Cq, triazine). – IR (KBr) [cm-1]: ν~ = 3267, 

2975, 2933, 2361, 2200, 1686, 1541, 1499, 1474, 1410, 1366, 1321, 1249, 1163, 1106, 1050, 

970, 946, 858, 777. – UV (CH2Cl3): λmax (lg ε) = 340 nm (3.655). – MS (ESI, DCM/MeOH + 10 

mmol/l NH4Ac): m/z (%) = 1313.9 (100) [MH] +. – C63H104N14O14S (1313.66 g/mol): calcd.: C 

57.59, H 7.98, N 14.93; found: C 57.22, H 8.11, N 14.66. 

 



 

 

 43 

2 Luminescent Vesicular Receptors for the Recognition of Biologically Important Phosphate Species 

 
5-Dimethylamino-naphthalene-1-sulfonic acid {2-[4,6-bis-(1,4,7,10-tetraaza-

cyclododec-1-yl)-[1,3,5]triazin-2-ylamino]-ethyl}-amide (20) 

A solution of 19 (0.77 g, 0.59 mmol) in CH2Cl2 was treated with TFA (3.6 mL, 47 mmol) and 

the reaction mixture was stirred for 24 h. After completion of the reaction the solvent was 

removed under reduced pressure, the obtained pale yellow solid (quantitative yield) was 

dissolved in water and passed through a column of pre-swelled (pH = 7) basic ion exchanger 

resin. The fractions having a basic pH were collected and the resulting aqueous solution was 

lyophilised. The product was obtained as a yellow solid (0.26 g, 62%). MP: 92 °C. – 1H NMR 

(300 MHz; MeOD): δ = 2.62 (bs, 8 H, CH2 cyclen), 2.70 (bs, 8 H, CH2 cyclen), 2.87 (s, 14 H, 

(CH3)2N and CH2 cyclen), 3.00 (t, 2 H, 3J = 6.0 Hz, CH2NH-triazine), 3.32 (t, 2 H, 3J = 6.0 Hz, 

CH2NHSO2), 3.7 (bs, 8 H, CH2 cyclen), 7.23 (d, 1 H, 3J = 7.6 Hz, CH), 7.50 (dd, 1 H, 3J = 7.6, 8.6 

Hz, CH), 7.55 (dd, 1 H, 3J= 7.3, 8.5 Hz, CH), 8.17 (d, 1 H, 3J = 7.3 Hz, CH), 8.26 (d, 1 H, 3J = 8.6 

Hz, CH), 8.53 (d, 1 H, 3J = 8.5 Hz, CH). – 13C NMR (300 MHz; MeOD): δ = 41.2 (–, CH2NHSO2), 

44.5 (–, CH2NH-triazine), 45.8 (–, (CH3)2N), 46.9, 48.6, 48.7, 48.9 (–, CH2 cyclen), 116.28 (+, CH), 

120.4 (+, CH), 124.2 (+, CH), 129.0 (+, CH), 130.1 (+, CH), 131.0 (Cq), 131.1 (+, CH), 131.2 (Cq), 

136.9 (Cq, Cq-SO2), 153.2 (Cq, Cq-N-(CH3)2), 167.2 (Cq, Cq-triazine cyclen), 168.0 (Cq, Cq-triazine 

NH). – IR (KBr) [cm-1]: ν~ = 3397, 2938, 2840, 2361, 2200, 1542, 1497, 1416, 1362, 1294, 1142, 

1063, 940, 792, 625, 572. – UV (CH2Cl3): λmax (lg ε) = 336 nm (3.766). – MS (ESI, TFA/AcN/H2O): 

m/z (%): 357.4 (100) [M + 2 H+]2+, 713.6 (20) [MH]+. – HRMS Calcd for C33H56N14O2S: 712.4331; 

found: 712.4421. 
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Bis-Zn(II)-cyclen dansyl (3)  

Compound 20 (120 mg, 0.17 mmol) was dissolved in 1 mL of water and heated to 65 °C to 

give a clear yellow solution. Subsequently zinc(II)-perchlorate (64 mg, 172 µmol) dissolved in 

1 ml of water was added slowly. The pH was adjusted by addition of 1 M NaOH (approx. 

2 mL) to pH 7. The reaction mixture was stirred for additional 23 h at 70 °C. The solvent was 

removed in vacuo and the residue was redissolved in water and lyophilized. The crude 

product (200 mg) was recrystallized from an EtOH / H2O (4:1) mixture as a yellow solid 

(89 mg, 41%). MP: 180-182°C. – 1H NMR (300 MHz; CD3CN): δ   = 2.65-2.90 (m, 18 H, CH2 

cyclen,(CH3)2N), 2.94-3.15 (m, 14 H, CH2 cyclen, CH2NHSO2), 3.23-3.46 (m, 6 H, CH2 cyclen, 

CH2NH-triazine), 4.24-4.44 (m, 4 H, CH2 cyclen), 6.11 (m, 1 H, NH-triazine), 7.23 (d, 1 H, 3J = 

7.4 Hz, CH), 7.53 (dd, 1 H, 3J = 7.4, 8.8 Hz, CH), 7.57 (dd, 1 H, 3J = 7.4, 8.2 Hz, CH), 8.15 (d, 1 H, 

3J = 7.4 Hz, CH),  8.18 (d, 1 H, 3J = 8.8 Hz, CH), 8.51 (d, 1 H, 3J = 8.2 Hz, CH). – 13C NMR (300 

MHz; CD3CN): δ  = 41.9 (–, CH2NH-triazine), 43.0 (–, CH2NHSO2), 44.4 (+, (CH3)2N), 45.3, 45.8, 

46.1, 46.4 (–, CH2 cyclen), 114.8, 118.3, 123.1, 127.9, 128.6, 128.9, 129.3, 129.9 (+, CH), 135.0 

(Cq, Cq-SO2), 151.7 (Cq, Cq-N-(CH3)2), 165.5 (Cq, Cq-triazine). – IR (KBr) [cm-1]: ν~ = 3427, 3283, 

2931, 2361, 2200, 1636, 1560, 1419, 1346, 1312, 1143, 1110, 1090, 979, 795, 627, 575. – UV 

(HEPES pH 7.4, 25 mM): λex (lg ε) = 330 nm (3.575), 227 (4.637). – MS (ESI(+), H2O/MeOH + 10 

mmol/L NH4Ac): m/z (%) = 479.1 (100) [M4+ + 2 CH3COO-]2+, 449.1 (82) [M4+ – H+ + CH3COO-]2+, 

420.1 (20) [M4+ – 2 H+]2+. – C33H56N14O18SCl4Zn2 · EtOH (1241.52 g/mol): Calcd.: C 32.65, H 4.85, 

N 15.23; found: C 32.52, H 4.87, N 15.04. 
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1H-NMR spectra of selected compounds 

 

Figure S1. Compound 10 (600 MHz; CDCl3). 

 

Figure S2. Compound 11 (300 MHz; CDCl3). 
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Figure S3. Compound 13 (400 MHz; CDCl3). 

 

 

Figure S4. Compound 14 (600 MHz; CDCl3). 

( p p m )

0 .01 .02 .03 .04 .05 .06 .07 .08 .09 .01 0 .0

( p p m )

0 .00 .51 .01 .52 .02 .53 .03 .54 .04 .55 .05 .56 .06 .57 .07 .58 .08 .59 .09 .5



 

 

 47 

2 Luminescent Vesicular Receptors for the Recognition of Biologically Important Phosphate Species 

 

Figure S5. Compound 5 (600 MHz; CDCl3 / MeOH 1:1). 

 

Hydrolytic stability of ATP under assay conditions 

 

Figure S6. 31P-NMR spectrum of ATP (50 mM) in the presence of VR-6 (0.15 mM [Zn2+]) after 24 hours. 31P-NMR 
spectra of ATP, pyrophosphate and inorganic phosphate are included for comparison. All samples were measured 
in HEPES buffer (pH 7.4) with 10% D2O. 
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Figure S7. LC-MS chromatograms for AMP, ADP, ATP and ATP sample incubated with VR-6. 
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Figure S9. MS for ATP sample incubated with VR-6 (RT = 1.87 min). 
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Indicator Displacement Assays 

  

Figure S10. Quenching of CMS emission (5 x 10-6 M) in the presence of 1 in 25 mM HEPES buffer (λex = 396 nm) 
and displacement by re-titration with UTP. 

 

 

Figure S11. (Left) Color of a mixture of 80 μM CMS and 40 μM 1 upon irradiation in the presence and absence 
of various anions (800 μM) and phosphate anions (80 μM). Titrations were performed at 25 °C in 10 mM Hepes 
buffer, pH 7.4. (Right) Relative intensity changes of 1/CMS in the presence of selected analytes and comparison to 
the emission response of 2 and 3. 

  

Figure S12. Binding isotherms obtained by indicator displacement assay (IDA) for vesicular receptor VR-4 and 
various phosphate anions and anion selectivity of vesicular receptor VR-4. 
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Figure S13. Quenching of CMS emission (5 x 10-6 M) in the presence of VR-4 in 25 mM HEPES buffer 

(λex = 396 nm) and displacement by re-titration with inorganic phosphate. 

  

Figure S14. Lack of emission response of 2 and 3 (5 x 10-6 M) in 25 mM HEPES buffer (pH 7.4) in the presence of 

UTP (λex (2) = 330 nm, λex (3) = 335 nm). 

 

NMR titration of 1 vs. UDP 

 

Figure S15. 1H-NMR spectrum of UDP (25 mM) and UDP in the presence of 1 (1.0 eq). The selected region of the 
spectrum shows the shift and signal broadening of the imide moiety of UDP and therefore indicates a binding to 
the Zn(II) complex 1. All samples were measured in H2O/D2O (9:1) at 400 MHz with water suppression. 
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Figure S16. 31P-NMR spectrum of UDP (25 mM) and UDP in the presence of 1 (1.0 eq). The selected region of the 
spectrum shows the shift of the phosphate moieties of UDP and therefore indicates a binding to the Zn(II) 
complex 1. All samples were measured in H2O/D2O (9:1) at 400 MHz. 

 

Structures of DSPC and DSPC-PEG350 

 

Figure S17. 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-350] (DSPC-PEG350). 
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CHAPTER 3 

MODULAR CHEMOSENSORS FROM SELF-ASSEMBLED VESICLE MEMBRANES 

WITH AMPHIPHILIC BINDING SITES AND REPORTER DYES 

 

 

 

 

Tiny analysts: Co-embedding of amphiphilic binding sites and environment-sensitive dyes in 

vesicular membranes allows rapid and easy preparation of self-assembled modular 

chemosensors. The fluorescent particles thus obtained respond to the presence of analytes 

by changes in their emission intensity. 
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Introduction 

Transition metal complexes with vacant coordination sites have found wide use as binding 

sites in the development of molecular probes and chemosensors.1, 2 Such probes typically 

consist of the guest binding site and a luminescent reporter group that enables convenient 

monitoring of ligand binding events. The luminescent moiety can either be a part of the 

actual molecular chemosensor, usually in close proximity to the analyte binding site,3, 4 or a 

separate dye that is first non-covalently attached to the binding site and later displaced by 

the analyte (indicator displacement assay).5 Both strategies have drawbacks, as the rational 

design of luminescent chemosensors is still difficult and their synthesis laborious, while the 

response of indicator displacement assays is typically not reversible. We present here a novel 

approach to signal analyte binding by non-covalent co-embedding of amphiphilic non-

fluorescent binding sites6-8 and reporter dyes into the membrane of small unilamellar 

vesicles. The receptor binding is communicated through the membrane to the co-embedded 

dyes,9 which change their emission properties. We demonstrate a simple and versatile 

approach to combine several different recognition sites with fluorescent reporter groups in 

a lipid bilayer.10-12 

Results and Discussion 

Three amphiphilic artificial binding sites, 1,4,7,10-tetraazacyclododecane (cyclen) Zn(II) 

complex 1 for phosphate anion binding,13-17 a nitrilotriacetic acid (NTA) Cu(II) complex 2 for 

the recognition of imidazole-derivatives1 and a benzo-azacrown ether (BACE) 3 as host for 

ammonium ions,18, 19 and two amphiphilic fluorophores (Scheme 1) were incorporated into 

vesicle membranes. Compounds 1 and 5 were reported previously by us,8, 20 syntheses of 

compounds 2, 3 and 4 are described in the Supporting Information to this paper. The widely 

used carboxyfluorescein (CF) dye was selected due to its sensitivity to local electrostatic 

potential21, 22 and easy derivatization with alkyl amines. The sensitivity of coumarin 

derivative 5 to changes in the local environment was already observed in an earlier study.23 

Luminescent vesicular receptors (LVR; Figure 1) with phospholipid bilayer embedded 

receptors and fluorescent dyes were prepared following our previously reported protocol.8 

Vesicles LVR-1,5, containing co-embedded cyclen Zn(II) complex 1 and coumarin derivative 5, 

exhibit a strong fluorescence emission with a maximum intensity at 408 nm. In the presence 

of increasing amounts of phosphate anions, like pyrophosphate (PPi) or phospho-serine 

(pSer) this emission intensity is significantly reduced (Figure 2, left). The embedded Zn(II) 

cyclen complexes retain their known selectivity for phosphate anions and the addition of 

other anions gave no emission response (see Supporting Information for data). We explain 

this change in emission intensity by a rearrangement of the membrane structure induced by 

the phosphate anion coordination towards the embedded receptor molecules: Dye 5 and 
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artificial receptor 1 if embedded together in the lipid bilayer are not supposed to be 

homogeneously distributed but to form relatively closely arranged mixed patches in the 

membrane as its structure is disturbed by the rather bulky embedded molecules. Such non-

uniform distribution translates into a different environment for dye molecules within the 

membrane. While a certain portion of dye molecules remains free enough to provide initial 

emission, those molecules, which are in a close proximity to the ligand, are “switched-off” 

due to the interactions of receptor and dye. These interactions are imposed by the tightly 

packed membrane structure of surrounding lipid phase and do not occur in homogeneous 

aqueous solution.24 Binding of bulky phosphate anions to the receptors changes solvation 

and charge of the binding sites and thereby changes the miscibility of the receptor and 

dyes. These phase state alterations, in turn, cause a segregation of the patches and the 

surrounding zone and thus the lateral expelling of dye molecules from the mixed phase. 

Similar phenomena, though more complex in nature, underlie the response of cell 

membranes, which are essentially composed of lipids with various embedded active sites, to 

external stimuli and substrates.25-27  Environment sensitive dyes like coumarin derivatives are 

known to respond to such altered conditions resulting from the binding event28, 29 - in this 

case by a decrease of their emission intensity. 
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Scheme 1. Amphiphilic artificial binding sites based on Zn(II) cyclen (1), Cu(II) NTA (2) and BACE (3) and 
amphiphilic fluorescent reporter dyes derived from carboxy¬fluorescein (4) and coumarin (5). 

Apparent binding constants were determined from emission titration binding isotherms and 

are summarized in Table 1. The obtained affinities for PPi and pSer are in the micromolar 

range and in good agreement with previously determined affinities by different methods.8 

To confirm that the specific anion - metal complex interaction is responsible for the emission 
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response and exclude effects of unspecific adsorption the measurements were repeated 

with vesicles that do not contain Zn(II) cyclen binding sites. These vesicles also exhibit blue 

fluorescence, but indeed give no emission response on excess addition (50 - 100 eq) of PPi or 

pSer (data not shown). 

 

Figure 1. Preparation of luminescent vesicular receptors (LVR) and their analyte response: Self-assembly of lipids, 
amphiphilic artificial receptors and amphiphilic fluorescent dyes in buffered aqueous solution yields surface-
modified vesicles that respond to receptor-ligand binding by a change in their emission intensity. 

Different reporter dyes can be used to adjust the optical properties of the vesicular 

receptors: LVR-1,4 obtained from co-embedding of Zn(II) cyclen complexes 1 and 

amphiphilic carboxyfluorescein 4 showed green fluorescence emission with a maximum 

intensity at 520 nm if excited at 495 nm. As the optical response of environment-sensitive 

dyes depends on their structure and properties as well as on their miscibilities with the 

substrate-free and occupied receptor it can be quite varying and upon addition of 

increasing amounts of phosphate anions the emission at 520 nm now shows a strong 

increase (Figure 2, right). The apparent binding constants derived from the binding 

isotherms of LVR-1,4 and of LVR-1,5 however are identical for pSer and for PPi (Table 1) 

within the error of the experiment. This fits to our above hypothesis and gives rise to the 

assumption that a variety of dyes can be employed as long as they change their emission 

properties upon an alteration of their environment. As vesicles functionalized with 4 show 

emission increase upon guest binding (“switch-on” fluorescence), which is more desirable 

for most analytic applications than an emission decrease (“switch-off”), compound 4 was 

used as reporter dye for all subsequent binding studies.30 

To provide more experimental support for our mechanistic hypothesis we also prepared 

LVR-1,4 with different concentrations of receptors and dyes. As a result the relative emission 

response to a certain amount of analyte increases, respectively decreases, with an 

increasing, respectively decreasing, amount of embedded receptors and dyes (see 

Supporting Information for data), which perfectly fits to our suggested model of 

receptor/dye patches. 
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Next, the amphiphilic Cu(II) nitrilotriacetic acid (NTA) complex 2 was investigated as binding 

site. Cu(II) NTA complexes coordinate imidazole ligands and are widely used in immobilized 

metal affinity chromatography (IMAC),31 e.g. for the separation of His-tagged 

biomolecules.32, 33 Vesicles LVR-2,4 containing the Cu(II) NTA complexes 2 and the CF dye 4 

were prepared; the particles showed emission at 520 nm analogous to LVR-1,4. Binding 

studies revealed that now in presence of imidazole derivatives the emission intensity 

considerably increased, while other additives - cationic or anionic - induced no response (see 

Supporting Information for data). The analyte selectivity of the functionalized vesicle is 

therefore determined by the selectivity of the embedded Cu(II) NTA complexes. 

 

Figure 2. (Left) Binding isotherm obtained from emission titration of LVR-1,5 vs. PPi (λex = 349 nm, λem = 405 
nm); (Right) Binding isotherm obtained from emission titration of LVR-1,4 vs. PPi (λex = 495 nm, λem = 520 nm). 

To increase the complexity, two different binding sites were incorporated simultaneously in 

one vesicle: LVR-1,2,4 contains cationic34 Zn(II) cyclen complexes 1 and anionic[14] Cu(II) NTA 

complexes 2 as binding sites, and CF 4 reporter groups. The particles exhibit green 

fluorescence at 520 nm, which increases in the presence of either phosphate anions or 

imidazoles (Figure S5). Binding affinities for PPi and pSer were similar as determined for 

LVR-1,4, whereas the derived log K values for 4-Me-Im and His were found to be up to one 

order of magnitude lower than for LVR-2,4, but still in the micromolar range and thus 

higher than for Cu(II) NTA complexes in homogeneous aqueous solution.35 The selectivities 

of the individual binding sites for their corresponding ligands were retained. The vesicles 

containing both metal complexes did not respond by change of their emission to other 

analytes, such as ammonium or sulfate ions (Figure S5). We therefore assume that our 

suggested model for a binary system (with one receptor and one dye) also works with 

ternary (two receptors and one dye) or even more complex systems.36 Furthermore, the 

addition of phosphate and imidazole derivatives to LVR-1,2,4 can be sequential, with each 

guest producing an incremental increase in fluorescence intensity. This again supports our 

suggested model of (multi-)receptor and dye patches in the membrane which are 

rearranged to some extent by an additional binding of analytes to the receptor moieties. 
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 Receptor(s) Reporter Ligand log K (± 0.1) 

LVR1-4 1 4 PPi 6.2 

LVR1-4 1 4 pSer 5.9 

LVR1-5 1 5 PPi 6.0 

LVR1-5 1 5 pSer 5.9 

LVR2-4 2 4 4-Me-Im 7.1 

LVR2-4 2 4 His-OMe 7.1 

LVR1-2-4 1 + 2 4 PPi 6.0 

LVR1-2-4 1 + 2 4 pSer 5.8 

LVR1-2-4 1 + 2 4 4-Me-Im 6.2 

LVR1-2-4 1 + 2 4 His-OMe 6.1 

LVR1-2-3-4 1 + 2 + 3 4 PPi 6.1 

LVR1-2-3-4 1 + 2 + 3 4 4-Me-Im 6.0 

LVR1-2-3-4 1 + 2 + 3 4 Gly-OMe 5.8 

Table 1. Binding affinities of luminescent vesicular receptors (LVR) to several analytes derived from emission 
titrations. 

To increase the complexity of the vesicular receptors even further, a third binding site was 

added to the cationic and anionic transition metal complex receptors 1 and 2. Therefore we 

prepared the amphiphilic benzo-aza-crown ether derivative 318, 19 and incorporated it 

together with 1, 2 and 4 into the luminescent vesicles LVR-1,2,3,4 bearing now three 

fundamentally different molecular recognition sites on the bilayer surface. The benzo-aza-

crown ether moiety is a well established low affinity binding site for the molecular 

recognition of ammonium ions. Incorporated in the luminescent vesicles the crown ether’s 

binding selectivity is combined with the optical properties of the bilayer-embedded 

fluorescent dye. The emission properties of LVR-1,2,3,4 and binding affinities towards 

phosphate and imidazole are again in good agreement with LVR-1,2,4 (Table 1). However, 

LVR-1,2,3,4 in contrast to LVR-1,2,4 responds also to the presence of ammonium ions like the 

C-terminal protected amino acid glycine (Gly-OMe) by increase in emission intensity. The 

binding affinity for Gly-OMe was determined as log K = 5.8, which exceeds ammonium ion 

affinities for the benzo-aza-crown ether moiety in aqueous solution by three to four orders 

of magnitude. We explain the significant binding affinity increase by the improved signaling 

mechanism using the embedded dye and the special properties affecting intermolecular 

interactions at the interface of hydrophobic membrane and water. Such effects are reported 

for related examples.20, 37-41 

To finally demonstrate the reversibility of the receptor-ligand binding  on the vesicular 

surface the vesicles were separated from bound analytes via size exclusion chromatography 

and reused for emission titrations with nearly identical results (see Figure S6). 
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Conclusion 

In summary, a novel kind of luminescent vesicular chemosensors for the recognition of 

biologically important ions and molecules was obtained by self-assembly of lipids, 

amphiphilic binding sites and environment-sensitive reporter dyes. As a proof of principle 

three different amphiphilic binding sites 1 - 3, based on Zn(II) cyclen or Cu(II) NTA complexes 

and benzo-aza-crown ether, and two fluorescent dyes, based on coumarin and 

carboxyfluorescein, were co-embedded into membranes of unilamellar vesicles. Although 

not covalently linked or directly coordinated to a single receptor site like in classical 

indicator displacement systems, the reporter dyes signal analyte binding to the receptor 

sites by changes of their emission properties. We explain this response by an analyte binding 

induced rearrangement of the doped bilayer membrane. Embedding of bulky binding sites 

and dyes leads to phase separation and the initial formation of patches with gathered 

receptors and dyes. Subsequent receptor binding events change conditions like solvation 

and charge in the local receptor environment and release dye molecules for signalling 

action. This redistribution of dye molecules finally explains the emission response of the 

environment-sensitive dyes. This "substrate catch - dye release" signalling mechanism based 

on the delicate interplay between binding events and phase properties of local environment 

of the receptor site also provides an opportunity for fine tuning of the system response by 

simple altering the ligand-to-dye ratio and vesicle composition.  Vesicles prepared from 

mixtures of binding sites show an additive response corresponding to the selectivity of all 

incorporated receptors. Analytes, such as pSer, His-OMe and Gly-OMe bind reversibly and 

are detected at (sub-)micromolar concentrations. The key advantage of the self-assembled 

functionalized nanoparticles is the non-covalent pooling of multiple binding sites and 

fluorescent reporter groups reducing the synthetic effort in chemosensor preparation. It is 

likely that many other binding sites and luminescent probes can be combined in the 

demonstrated way, which paves an easy way to analytical nanoparticles adjustable at will in 

their binding and response properties. 

 

Experimental Part and Supporting Information 

General methods and material 

Fluorescence spectra were recorded on a ‘Cary Eclipse’ fluorescence spectrophotometer and 

absorption spectra on a “Cary BIO 50” UV/VIS/NIR spectrometer from Varian. All 

measurements were performed in 1 cm quartz cuvettes (Hellma) and UV-grade solvents 

(Baker or Merck) at 25 °C. DLS measurements were carried out on a Malvern Zetasizer 

NanoZS at 25 °C using 1 cm disposable cuvettes (Sarstedt) using automatically optimized 
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settings. NMR Spectra: Bruker Avance 600 (1H: 600.1 MHz, 13C: 150.1 MHz, T = 300 K), 

Bruker Avance 400 (1H: 400.1 MHz, 13C: 100.6 MHz, T = 300 K), Bruker Avance 300 (1H: 

300.1 MHz, 13C: 75.5 MHz, T = 300 K). The chemical shifts are reported in   [ppm] relative to 

external standards (solvent residual peak). The spectra were analyzed by first order, the 

coupling constants are given in Hertz [Hz]. Characterization of the signals: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, bs = broad singlet, psq = pseudo quintet, dd 

= double doublet, dt = double triplet, ddd = double double doublet. Integration is 

determined as the relative number of atoms. Assignment of signals in 13C-spectra was 

determined with DEPT-technique (pulse angle: 135 °) and given as (+) for CH3 or CH, (–) for 

CH2 and (Cq) for quaternary Cq. Error of reported values: chemical shift: 0.01 ppm for 1H-

NMR, 0.1 ppm for 13C-NMR and 0.1 Hz for coupling constants. The solvent used is reported 

for each spectrum. Mass Spectra: Varian CH-5 (EI), Finnigan MAT 95 (CI; FAB and FD), 

Finnigan MAT TSQ 7000 (ESI). Xenon serves as the ionization gas for FAB. IR Spectra were 

recorded with a Bio-Rad FTS 2000 MX FT-IR and Bio-Rad FT-IR FTS 155. Melting Points were 

determined on Büchi SMP or a Lambda Photometrics OptiMelt MPA 100. Thin layer 

chromatography (TLC) analyses were performed on silica gel 60 F-254 with 0.2 mm layer 

thickness and detection via UV light at 254 nm / 366 nm or through staining with ninhydrin 

in EtOH. Column chromatography was performed on silica gel (70–230 mesh) from Merck. 

Commercially available starting materials and solvents were used without any further 

purification except stated otherwise. Optional drying and purification was performed 

according to accepted general procedures.42, 43 Elemental analyses were carried out by the 

centre for chemical analysis of the Faculty of Chemistry and Pharmacy at the University of 

Regensburg. 

Synthesis 

The amphiphilic Cu(II) NTA complex 2 was prepared in three steps starting from the N-

alkylated44 glutamic acid derivative 6. Amide formation with 7 under standard peptide 

coupling conditions gave 8, which was transformed into 2 by ester cleavage and copper 

complex formation (Scheme 1). The crown ether building block 10 was prepared as 

published18, 19 and alkyl chains were introduced by peptide coupling of 11 with EDC and 

HOBt to give 3.  Amphiphilic carboxyfluorescein 4 was prepared by amide formation of 5/6-

carboxyfluorescein 12 with dodecylamine 11. 
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Scheme S1. Synthesis of amphiphiles 2, 3 and 4. (a) EDC, HOBt, DIPEA, DMF, 40 °C; (b) TFA, RT; (c) Cu2(OH)2CO3, 

MeOH; (d) EDC, HOBt, DIPEA, CHCl3, DMF; (e) DMF, DIPEA, HOBt, DCC. 
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2-(Bis-tert-butoxycarbonylmethyl-amino)-4-decylcarbamoyl-butyric acid tert-

butyl ester (8): 

Under N2-atmosphere compound 644 (472 mg, 1.09 mmol), DIPEA (0.94 mL, 5.47 mmol), EDC 

(0.23 mL, 1.31 mmol), and HOBt (177 mg, 1.31 mmol) were dissolved in DMF (10 mL) under 

ice cooling. Decylamine 7 (0.26 mL, 1.31 mmol) dissolved in DMF was added slowly. The 

reaction was allowed to warm to r.t. and was stirred over night (20 h) at 40 °C. The reaction 

progress was monitored by TLC (EE). After completion the solution was mixed with water 

(25 mL) and extracted with citric acid (3x) and sat. NaCl (3x). The organic layer was dried 

over MgSO4. The solvent was evaporated and the crude was purified using column 

chromatography on silica gel (EE/PE 1:1, Rf = 0.65) yielding 8 (365 mg, 0.64 mmol, 59%) as a 

colourless solid after drying in vacuum. 1H-NMR (600 MHz; CDCl3): δ (ppm) = 0.80-0.90 (t, 3J = 

7.1 Hz, 3 H, HSQC: C1H3), 1.19-1.32 (m, 14 H, C2H2 – C8H2), 1.41-1.42 (s, 9 H, C22H3), 1.43-1.44 

(s, 18 H, C19H3), 1.45-1.51 (m, 2 H, HMBC: C9H3), 1.73-1.83 (m, 1 H, HMBC: C14H2 diastereotop), 

2.01-2.13 (m, 1 H, HMBC: C14H2 diastereotop), 2.32-2.40 (m, 1 H, HMBC: C13H2 diastereotop), 

2.47-2.54 (m, 1 H, HMBC: C13H2 diastereotop), 3.09-3.17 (m, 1 H, HMBC: C10H2 diastereotop), 

3.18-3.26 (m, 2 H, HMBC: C10H2 diastereotop, C15H), 3.32-3.47 (dd, 4J = 17.1 Hz, 4J = 41.9 Hz, 4 

H, HMBC: C16H2), 6.75-6.83 (t, 1 H, 3J = 5.3 Hz, HSQC: N11H). – 13C-NMR (150 MHz; CDCl3): δ 

(ppm) = 14.1 (+, 1 C, HSQC: C1), 22.6 (–, 1 C, HSQC: C1), 26.6 (–, 1 C, HSQC: C14), 27.0 (–, 1 C, 

HSQC: C1), 28.07 (+, 6 C, HSQC: C19), 28.15 (+, 3 C, HSQC: C22), 29.2 (–, 1 C, HSQC: C1), 29.3 (–, 1 

C, HSQC: C1), 29.52 (–, 1 C, HSQC: C1), 29.55 (–, 1 C, HSQC: C1), 29.6 (–, 1 C, HSQC: C1), 31.8 (–, 

1 C, HSQC: C9), 32.7 (–, 1 C, HSQC: C13), 39.5 (–, 1 C, HMBC: C10), 54.5 (–, 2 C, HMBC: C16), 64.8 

(+, 1 C, HSQC: C15), 80.9 (Cq, 2 C, HMBC: C18), 81.4 (Cq, 1 C, HMBC: C21), 170.8 (Cq, 2 C, HMBC: 

C17), 171.8 (Cq, 1 C, HMBC: C20), 173.0 (Cq, 2 C, HMBC: C17). – IR (KBr) [cm-1]: ν~ = 3000, 2927, 

2854, 1730, 1649, 1541, 1456, 1368, 1149. – MS (ESI(+), DCM/MeOH + 10 mmol NH4Ac): m/z 

(%) = 571.6 (100) [MH+], 515.5 (8) [MH+ - C4H8], 593.6 (5) [MNa+]. – Elemental analysis calcd. 

(%) for C31H58N2O7: C 65.23, H 10.24, N 4.91; found C 64.84, H 10.20, N 4.66. – MF: C31H58N2O7 

–FW: 570.82 g/mol 
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2-(Bis-carboxymethyl-amino)-4-decylcarbamoyl-butyric acid triflate (9) 

Compound 8 (107 mg, 0.19 mmol) was suspended in TFA (4 mL). The reaction mixture was 

stirred at room temperature for 20 h. Reaction progress was monitored by TLC (EE). TFA was 

evaporated in vacuo and the triflate salt of compound 9 was redissolved in water and was 

lyophilized giving product 9 (98 mg, 0.19 mmol, 100%) as a white hygroscopic solid. 1H-NMR 

(300 MHz; CD3OD): δ (ppm) = 0.81-0.96 (t, 3J = 6.7 Hz, 3 H, CH3), 1.18-1.40 (m, 14 H, CH2, 1.41-

1.60 (m, 2 H, CH2), 1.78-2.17 (m, 2 H, Glu-CH2), 2.29-2.49 (t, 3J = 7.0 Hz, 2 H, Glu-CH2), 3.05-

3.22 (t, 3J = 7.0 Hz, 2 H, CH2), 3.42-3.52 (m, 1 H, CH), 3.53-3.73 (m, 4 H, N-CH2). – 13C-NMR (75 

MHz; CD3OD): δ (ppm) = 14.5 (+, 1 C, CH3), 23.8 (–, 1 C, CH2), 27.2 (–, 1 C, CH2), 28.1 (–, 1 C, 

CH2), 30.4 (–, 1 C, CH2), 30.5 (–, 2 C, CH2), 30.8 (–, 2 C, CH2), 33.1 (–, 1 C, CH2), 33.7 (–, 1 C, CH2), 

40.5 (–, 1 C, CH2), 54.9 (–, 2 C, N–CH2), 66.0 (+, 1 C, CH), 175.3 (Cq, 1 C, CONH), 175.5 (Cq, 1 C, 

CHCOOH), 175.8 (Cq, 2 C, NCH2COOH). – IR (KBr) [cm-1]: ν~ = 3340, 3028, 2921, 2852, 2547, 

1725, 1643, 1538, 1427, 788, 715. – MS (ESI(+), H2O/MeCN): m/z (%) = 401.2 (100) [M - H+]-, 

457.2 (15) [starting material – 2 C4H8 + H+]-, 803 (6) [2M-H+]-. – MF: C19H34N2O7 · TFA – FW: 

516.51 g/mol; without TFA: 402,49 g/mol 

 

Glu-NTA-2-(Bis-carboxymethyl-amino)-4-decylcarbamoyl-butyric acid (2) 

Compound 36 (40 mg, 0.08 mmol) and Cu2(OH)2CO3 (8.6 mg, 0.04 mmol) were dissolved in 

methanol (6 mL). The mixture was stirred at room temperature over night, subsequently for 

3 h at 60 h and was filtered immediately. The resulting blue solution was concentrated 

under reduced pressure, redissolved in water and lyophilized yielding 43 (35 g, 0.06 mmol, 

71%) without further purification as a blue solid. MP: 173-175 °C. – IR (KBr) [cm-1]: ν~ = 2925, 

2854, 2362, 1724, 1448, 1378, 1240, 1112, 906. – MS (ESI(+), H2O/MeCN): m/z (%) = 462.3 

(100) [A-], 415.3 (35) [A- - H2O - CH3], 374.2 (15) [A- - CO2]. – MF: C19H31N2O7CuH(H2O)2 · TFA – 

FW: 614.07 g/mol; A- (without TFA, H2O, H): 463.01 g/mol 
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14-[2-tertButyloxycarbonylamino-ethyl]-6,7,9,10,13,14,15,16,18,19,21,22-

sodecahydro-12H-5,8,11,17,20,23-hexaoxa-14-aza-benzocycloheneicosene-2,3-

dicarboxylic acid dioctadecyl amide (3) 

A solution of 1018, 19 (150 mg, 0.25 mmol) in chloroform (3.5 mL) and DMF (0.5 mL) 

containing HOBt (70 mg, 0.50 mmol) and EDC (80 mg, 0.50 mmol) was stirred in a nitrogen 

atmosphere at 0 °C for 30 minutes. Octadecylamine 11 (132 mg, 0.50 mmol) in chloroform 

(2.0 mL) containing DIPEA (50 mg, 0.07 mL, 0.50 mmol) was added and the mixture was 

stirred 2 h under nitrogen slowly warming up to ambient temperature. Again HOBt (35 mg, 

0.25 mmol) and EDC (40 mg, 0.25 mmol) were added, stirring was continued for 2 h at room 

temperature, then the solution was heated to 70 °C over night. After cooling to room 

temperature the solution was filtered over celite and the solvent was removed at reduced 

pressure. The residue was purified by column chromatography. 1H-NMR (300 MHz, CDCl3): δ 

[ppm] = 0.87 (t, 6 H, 6.3 Hz), 1.18 – 1.35 (m, 60 H), 1.32 – 1.37 (m, 4 H), 1.41 (s, 9 H), 1.55 (m, 

4 H), 2.57 (m, 2 H), 2.70 (m, 4 H), 3.01 (m, 2 H), 3.31 (m, 4 H), 3.53 (m, 4 H), 3.66 (m, 4 H), 3.74 

(m, 4 H), 3.89 (m, 4 H), 4.21 (m, 4 H), 5.56 (bs, 1 H), 7.15 (s, 2 H); - 13C-NMR (75 MHz, CDCl3): δ 

[ppm] = 14.1 (+, 1 C), 22.7 (-, 2 C), 27.0 (-, 2 C), 28.5 (+, 3 C), 29.3 – 29.8 (-, 30 C), 31.9 (-, 1 C), 

38.1 (-, 1 C), 40.4 (-, 1 C), 53.6 (-, 2 C), 54.4 (-, 1 C), 69.1 (-, 2 C), 69.6 (-, 2 C), 69.6 (-, 2 C), 70.6 

(-, 2 C), 71.1 (-, 2 C), 78.7 (Cquat, 1 C), 113.8 (+, 2 C), 127.8 (Cquat, 2 C), 149.6 (Cquat, 2 C), 156.2 

(Cquat, 1 C), 168.9 (Cquat, 2 C); - IR (neat): ν (cm-1) = 3314 (m), 3264 (m), 2948 (s), 2849 (s), 1687 

(m), 1648 (m), 1626 (m), 1538 (m), 1506 (m), 1461 (m), 1338 (m), 1280 (s), 1203 (m), 1124 (s), 

1106 (m), 1059 (m), 974 (m), 874 (m), 725 (m), 654 (m); - MS (ESI-MS, CH2Cl2/MeOH + 10 

mmol NH4OAc): e/z (%) = 1090.0 (100, MH+); - MF: C63H116N4O10 – FW: 1089.65 g/mol 

 

 

N-dodecyl-3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-6-

carboxamide (4, mixture of 5' and 6' isomer): 

HOBt (119 mg, 0.88 mmol) and DIPEA (217 mg, 1.68 mmol) were added to a solution of 

Carboxyfluorescein 12 (300 mg, 0.80 mmol, mixture of 5' and 6' isomer) in 4 mL DMF. 
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Cooling the mixture in an ice bath was followed by addition of DCC (181 mg, 0.88 mmol) 

and after 15 minutes dodecan-1-amine 13 (148 mg, 0.80 mmol). The reaction mixture was 

stirred overnight and DMF removed completely. Addition of 20 mL NaHSO4 solution (5% 

w/w) precipitated an orange solid (268 mg, 56%) which was filtered off and dried under 

high vacuum. MP: 234 °C (Decomp.). – 1H NMR (300 MHz, MeOD): 0.88 (t, J = 6.19 Hz, 3 H), 

1.20 – 1.70 (m, 20 H), 3.25 – 3.50 (m, 2 H), 6.45 – 6.75 (m, 6 H), 7.20 – 8.45 (m, 3 H). – LC-MS: 

Column: Phenomenex Luna C18, 2.5µ; 50 x 2 mm HST; flow: 0.40 ml/min; solvent A (water + 

0.1% TFA), solvent B (MeCN); gradient: 0 (min) [95% A + 5% B]; 8 (min) [2% A + 98% B]; 11 

(min) [2% A + 98% B]; 12 (min) [95% A + 5% B]; 15 (min.) [95% A + 5% B]. MS: m/z (%) [tr1 = 

9.09 min.; tr2 = 9.20]: 544 (100, MH+). 

Vesicle preparation 

In small glass reaction vessels 1 - 5 µmol of DSPC were dissolved in chloroform and 

optionally 5 mol% of dissolved compounds 1, 2, 3, 4 and 5 were added and mixed. The 

solvent was completely removed under reduced pressure and an appropriate amount of 

buffer (HEPES 25 mM, pH 7.4) was added to obtain lipid concentrations of 1 - 2 mM. Heating 

to 75 °C and vigorous shaking for 5 - 10 minutes yielded a turbid multi-lamellar vesicle 

suspension. Small uni-lamellar dispersions were obtained by extrusion through 100 nm-pore 

size polycarbonate membranes with a LiposoFast liposome extruder from Avestin.45 

Vesicle dispersions were separated from low molecular weight solutes on minicolumns of 

Sephadex LH-20 gel filtration media by a previously described procedure.46  

Binding studies 

For all binding studies the receptor concentration refers to the outer surface exposed 

binding sites, as only these should be accessible, with the assumption that embedded 

compounds distribute equally in both layers of the vesicle membrane.47 The ratio of outer 

and inner surface of the respective vesicles was calculated using the hydrodynamic 

diameters obtained from dynamic light scattering48 and the assumption that the bilayer 

thickness for the prepared vesicles amounts to 5 nm.49, 50  

All titrations were carried out at 25 °C in HEPES buffer (25 mM, pH 7.4) and corrected for 

dilution. Binding affinities were determined by non-linear fitting using Origin 8 software. 
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Figure S1. Fluorescence emission titrations of LVR1-5 with different ligands. 

 

 

 

 

Figure S2. Fluorescence emission titrations of LVR1-4 with different ligands. 
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Figure S3. Fluorescence emission titrations of LVR2-4 with different ligands. 

 

 

 

 

 

 

 

Figure S4. Fluorescence emission titrations of LVR1-2-3-4 with different ligands. 
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Figure S5. Fluorescence emission titrations of LVR1-2-4 with different ligands. 

 

Reversibility of binding events 

To demonstrate the reversibility of the receptor-ligand binding on the vesicular surface and 

the vesicle reuse they were passed over small spin columns filled with size exclusion 

chromatography gel46 after emission titration and saturation with analytes. The procedure 

separates the vesicles from the analyte ions or molecules. The emission titrations were then 

repeated with the restored vesicles under the same conditions as before. The results for 

LVR1-2-4 are depicted in Figure 9 (left) and clearly show that obtained binding isotherms 

before (red) and after (blue) the size exclusion column are nearly identical with only a slight 
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decrease in fluorescence output. The derived binding constant for 4-Me-Im remains 

unchanged within the error of the experiment (log K = 6.2 before, respectively 6.1 after the 

size exclusion chromatography). The results for PPi were analogous (Figure 9 right). 

  

Figure S6. (Left) Emission titrations of LVR1-2-4 with 4-Me-Im before (red) and after (blue) ligand saturation and 
subsequent removal by size exclusion chromatography; (Right) Analogous experiment using PPi instead of 
4-Me-Im. 

 

Mechanistic studies 

 
 

Figure S7. Absolute emission intensities (left) of LVR-1,4 (5 x 10-6 M dye) at different receptor/dye ratios and 
corresponding relative changes (right) in the presence of 10 eq. PPi. 
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5% 1 + 5% 4 

 

 

5% 1 + 2.5% 4 

 

2.5% 1 + 5% 4 

 
5% 1 + 1% 4 

 

1% 1 + 5% 4 

 

Figure S8. Dependence of emission response on receptor and dye concentration: Fluorescence spectra of 
LVR-1,4 (5 x 10-6 M) at different receptor/dye ratios in the presence of increasing amounts of PPi (max 10 eq). 
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Figure S9. Receptor-dye interactions in non-polar organic solvents (CHCl3:MeCN 10:1): (a) Dye 5 (5 x 10-5 M) 
vs. receptor 1 (0.5 - 1.5 eq); (b) Control (solvent addition only); (c) “Displacement” with PPi (> 100 eq. added as 
solid). 
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CHAPTER 4 

DYNAMIC INTERFACE IMPRINTING: HIGH AFFINITY PEPTIDE BINDING SITES 

ASSEMBLED BY ANALYTE-INDUCED RECRUITING OF MEMBRANE RECEPTORS 

 

 

 

Dynamic molecular recognition events at biological membrane receptors play a key role in 

cell signalling. We have prepared artificial membranes with embedded synthetic receptors 

which dynamically arrange and selectively respond to external stimuli like small peptide 

ligands. 
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Introduction 

Molecular recognition between membrane-associated receptors and external ligands as 

stimuli is important for many biological processes.1-3 The dynamic formation of domains and 

the clustering of receptors in fluid membranes play a key role e.g. in signal transduction 

leading to highly specific binding of competing multivalent ligands.4-6 

 

Scheme 1. Structures of synthetic receptors and ligands (counterions omitted). 

Various model systems for biological membranes have been developed to understand and 

mimic multivalent interactions at interfaces7-12 as well as for applications in delivery, sensing 

and catalysis.13-18 The principle of template-guided assembly has also been extensively 

exploited in molecular imprinting,19, 20 but the non-covalent arrangement of binding sites in 

precisely defined distances still remains a challenge. We have investigated a concept that 

mimics immunological synapses, where receptors are recruited at a membrane interface, 

spatially organized by the binding partner and this orientation triggers a specific 

response.21-23 Our vesicles with membrane-embedded luminescent receptors produce a 

characteristic optical response in the presence of small peptides as external ligands. 
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Depending on the functional groups present in the peptide, suitable receptors with 

complementary binding sites are recruited and arranged in the fluid membrane, which 

triggers a FRET signal. 

Results and Discussion 

We have previously reported on the recognition of small biomolecules and phosphorylated 

proteins by multi-site interactions24, 25 at the lipid-water interface using synthetic vesicle 

membranes with embedded artificial receptors based on transition metal complexes of 

1,4,7,10-tetraazacyclododecane (cyclen) and nitrilotriacetic acid (NTA). We now expand this 

concept to the dynamic recruiting of synthetic receptors allowing the multivalent 

recognition of phosphorylated peptides. The selective recognition of phospho-serine (pSer) 

and histidine (His) moieties in model-peptide P1 by metal-complex binding sites was 

investigated in a previous study in homogeneous solution.26 It was found that in buffered 

aqueous solution Zn(II)-cyclen receptor Zn26 binds peptide P1 with lg K = 4.8, while dimer 

Zn46, allowing a simultaneous two-prong interaction to pSer and His, shows an affinity of lg 

K = 7.5 (see Table 1, entries 1 and 2 and Supporting Information). Instead of covalently 

connecting two receptor sites, as in Zn46, distinct binding sites are now simply embedded in 

synthetic lipid bilayers. Recruiting and self-organization by the peptide ligand allows the 

divalent binding of both pSer and His residues of P1 at the membrane interface. 

First we embedded Zn25 (1 mol%) in vesicular lipid bilayers from 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) using previously reported procedures (see Supporting Information). 

The emission intensity of peptide P1 increases significantly upon binding to the surface 

receptors (see SI) and a binding constant of lg K = 5.9 (Table 1, entry 3) at ambient 

temperature was derived. This value is in good agreement with the recognition of pSer by a 

single Zn25 receptor24 and reasonable, because DSPC’s high phase transition 

temperature (54 °C)27 restricts diffusion and thus participation of more than a single metal 

complex binding site in the peptide recognition (cf. Figure 1, Top). Binding affinities could 

only be enhanced by drastically increasing the vesicle receptor loading to 10 mol% (Table 1, 

entry 4) resulting in the formation of tightly packed metal complex patches.16 However, 

replacing the saturated DSPC lipid by unsaturated 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), which has a much lower transition temperature of -20 °C,27 leads to an increase in 

peptide P1 binding affinity by more than two orders of magnitude (Table 1, entry 5). The 

embedded receptor sites can now diffuse in the membrane at room temperature allowing 

complex formation of one P1 with two Zn25 units by a dynamic assembly process (Figure 1, 

Top). Unchanged particle sizes determined by dynamic light scattering (Supporting 

Information, Figure S11) confirm binding of the peptide to receptors of one vesicle (intra-



 

 

 

 
 80 

4 Dynamic Interface Imprinting: High Affinity Peptide Binding Sites Assembled by Analyte-induced 
Recruiting of Membrane Receptors 

membrane binding mode) and excludes peptide crosslinking of different vesicles (inter-

membrane binding). 

 

Entry Lipid Receptor Mol% Lg K 

1 - Zn26 - 4.8 a 

2 - Zn46 - 7.5 a 

3 DSPC Zn25 1 5.9 

4 DSPC Zn25 10 8.1 

5 DOPC Zn25 1 8.6 

6 DSPC Zn22 1 6.2 

7 DSPC Cu4 1 5.0 

8 DSPC Zn22 + Cu4 1 (each) 6.3 

9 DOPC Zn22 1 5.5 

10 DOPC Cu4 1 5.8 

11 DOPC Zn22 + Cu4 1 (each) 8.8 

a from Ref [26] 

Table 1. Summary of apparent binding constants for peptide P1 by synthetic receptors in homogeneous solution 
(entry 1 and 2) and embedded in vesicle membranes (HEPES buffer, pH 7.4, 25 °C). 

 The experiments show that analyte induced recruiting of binding sites in a fluid membrane 

leads to higher binding affinities due to multipoint interaction. Next, vesicle membranes 

with two different embedded receptors, which bind selectively either pSer or His of P1, were 

investigated. The synthesis of amphiphilic Cu(II)-NTA complex Cu4 for the recognition of 

histidine was reported previously,24 the synthesis of the amphiphilic Zn(II)-3,5-bis-[(bis-

pyridin-2-ylmethyl-amino)-methyl]-4-hydroxy-phenyl (DPA) complex Zn22 for the selective 

recognition of phosphate28 is described in the Supporting Information. Stable metal 

complex-doped DOPC and DSPC vesicle membranes were prepared using Zn22 or Cu4 and a 

mixture of both (1 mol% each). For DSPC membranes with one type of receptor embedded 

the emission titrations with P1 revealed monovalent binding either to Zn-DPA or to Cu-NTA 

coordination,29 with lg K = 5.0 and 6.2, resp. (Table 1, entries 6 and 7). Job’s plots with P1 as 

limiting reagent confirm the 1:1 stoichiometry of the binding event (Figure S18). Combining 

both receptors in gel-phase DSPC-membranes (Figure 1, Bottom) does not increase the 

binding affinity for peptide P1 (lg K = 6.3; Table 1, entries 6, 7, 8). The binding isotherm for 

the receptor vesicles bearing both complexes resembles the average of the binding 

properties of the individual receptor vesicles (see SI for data). This is explained by a random, 

but fixed position of lipid bilayer embedded metal complex receptors, which prevents the 

formation of a ternary Zn22-P1-Cu4 complex (see SI for Job´s plots). DOPC membranes, in 

contrast, show a completely different behaviour: Whereas vesicles with either Zn22 or Cu4 as 

embedded receptors give similar binding isotherms and affinity constants (lg K = 5.5 and 
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5.8, resp.; Table 1, entries 9, 10), the liquid-crystalline membrane containing both receptor 

binding sites shows a significantly higher affinity for peptide P1 in the nanomolar range 

(lg K = 8.8, Table 1, entry 11 and Figure 1, bottom). We explain this by the divalent binding 

of P1 by a heterodimeric Zn2- and Cu-receptor assembly in the fluid lipid bilayer (cf. Figure 1, 

Bottom) resulting from peptide induced self-organization of the membrane receptors. The 

Job’s plot analysis (Figure S19) supports this conclusion. 

 

 

Figure 1. (a) (Top) Schematic receptor assembly in vesicle membranes: Fixed receptors in gel-phase DSPC-
membranes vs. analyte-induced clustering in fluid DOPC-membranes; (b) Emission titrations of P1 vs. DSPC and 
DOPC- membranes containing Zn21, Cu3 or both receptors. 

For bioanalytical applications, the labelling of the peptide analyte must be avoided. 

Therefore amphiphilic receptor binding sites that signal the presence of the target analyte 

by induced FRET were developed: Zn(II)-DPA complex (Zn21) is labelled with 

carboxyfluorescein (FAM) and Cu(II)-NTA complex Cu3 is rhodamine (TMR) labelled. FRET 

techniques are widely used in molecular biology to measure distances within bio-molecules 

or to explore membrane structures.30 We use the FRET signal, which is induced by the close 

distance of the membrane-embedded luminescent binding sites to signal the presence of 

peptide P2, which in contrast to P1, does not carry a fluorescent label. Divalent binding of 
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P2 to the membrane embedded binding sites recruits Zn21 and Cu3 into close proximity and 

therefore within the Förster distance of 5.5 nm31 resulting in a FRET signal as optical output 

(Figure 2, Top).32 

 The vesicles responded to the presence of the target peptide P2 with a significant FRET-

signature. Formation of a Zn21-P2-Cu3 ternary complex leads to energy transfer of the 

donor label FAM at 490 nm to the acceptor label TMR at 580 nm (Figures 2, Bottom and 

S22). However, an excess of the target peptide is necessary to reach the maximum energy 

transfer. Control experiments with monovalent ligands (PP, PH and P0) did not change the 

observed emission spectra significantly (Figure S23). We exclude inter-vesicular FRET via 

crosslinking of distinct vesicles as the solution particle size remains unchanged in the 

presence of P2 (Figures S24, 25). Additionally, vesicles were purified by size exclusion 

chromatography before binding experiments to remove traces of  amphiphilic receptors or 

micellar aggregates from the solution and the concentrations of the embedded receptors 

were verified by Zn- and Cu-element analysis using ICP-AES (see SI).33 

 

 

 

Figure 2. (a) Schematic recruiting of labelled membrane receptors by a peptide ligand resulting in a FRET signal; 
(b) Fluorescence spectra of DOPC vesicles containing labelled receptors Zn21 + Cu3 (1 mol% each) in the absence 
(red) and presence (green) of peptide P2. Relative FRET emission ratio (I580nm/I520nm) of P2 and monovalent PH and 
PP as control (inset). 

As additional control experiments, DOPC and DSPC vesicles with only one of the two 

binding sites were prepared and used for emission titrations with increasing amounts of 

corresponding ligands (pSer/PP for Zn21 and His/PH for Cu3). As expected, no significant 

change in the optical properties of the fluorescent receptor-vesicles was observed (Figure 
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S21). DSPC vesicles with both co-embedded receptors Zn21 and Cu3 (0.1 mol% each) show a 

small energy transfer between the FAM- and TMR-labels in the absence of the peptide 

ligand (Figure S20), which might be explained by the partial formation of Zn21/Cu3 

heterodimers. Upon addition of any mono- or divalent ligand no change in emission was 

detected, as the gel-phase state of the DSPC membranes at room temperature limits the 

diffusion of the embedded metal complexes (Figure S22). 

Conclusion 

In conclusion, we demonstrated the specific recognition of peptides by dynamic interface 

imprinting of synthetic binding sites embedded in vesicle membranes. The amphiphilic 

metal complex binding sites are recruited in the membrane by the target peptide resulting 

in multivalent interactions and nanomolar binding affinity. The use of amphiphilic binding 

sites with FRET pair chromophores, leads to self-organization of a specific analyte epitope at 

the lipid-water interface and a FRET signal indicating the presence of the target analyte. 

The experimental data proof that dynamic binding site recruitment in fluid membranes by 

analytes (dynamic interface imprinting, DII) leads to the formation of high affinity epitopes. 

The process allows the specific detection of functional groups in peptides with nanomolar 

affinity. To further improve the sensitivity and selectivity of functionalized luminescent 

vesicles in chemical bioanalysis the number and nature of simultaneously embedded binding 

sites may be increased, including peptides or nucleotides as recognition moieties. The 

combined use of several chromophores in the membrane gives a specific spectroscopic 

output depending on their spatial arrangement. Such functionalized luminescent vesicles 

may in some applications replace antibody based assays. 

Experimental Part and Supporting Information 

General methods and material 

Fluorescence measurements were performed with UV-grade solvents (Baker or Merck) in 

1 cm quartz cuvettes (Hellma) and recorded on a Varian ‘Cary Eclipse’ fluorescence 

spectrophotometer with temperature control. Absorption was recorded on a Varian Cary 

BIO 50 UV/VIS/NIR Spectrometer with temperature control by use of a 1 cm quartz cuvettes 

(Hellma) and Uvasol solvents (Merck or Baker). PCS measurements were performed on a 

Malvern Zetasizer Nano at 25 °C using 1 cm disposable polystyrene cuvettes (VWR). NMR 

spectra were recorded on Bruker Avance 600 (1H: 600.1 MHz, 13C: 150.1 MHz, T = 300 K), 

Bruker Avance 400 (1H: 400.1 MHz, 13C: 100.6 MHz, T = 300 K), Bruker Avance 300 (1H: 300.1 

MHz, 13C: 75.5 MHz, T = 300 K). The chemical shifts are reported in δ [ppm] relative to 

external standards (solvent residual peak). The spectra were analyzed by first order, the 

coupling constants are given in Hertz [Hz]. Characterization of the signals: s = singlet, d = 
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doublet, t = triplet, q = quartet, m = multiplet, bs = broad singlet, psq = pseudo quintet, dd 

= double doublet, dt = double triplet, ddd = double double doublet. Integration is 

determined as the relative number of atoms. Assignment of signals in 13C-spectra was 

determined with DEPT-technique (pulse angle: 135 °) and given as (+) for CH3 or CH, (–) for 

CH2 and (Cq) for quaternary C. Error of reported values: chemical shift: 0.01 ppm for 1H-NMR, 

0.1 ppm for 13C-NMR and 0.1 Hz for coupling constants. The solvent used is reported for 

each spectrum. Mass spectra were measured on Varian CH-5 (EI), Finnigan MAT 95 (CI; FAB 

and FD), Finnigan MAT TSQ 7000 (ESI) with Xenon as ionisation gas for FAB. IR spectra were 

recorded on Bio-Rad FTS 2000 MX FT-IR and Bio-Rad FT-IR FTS 155. Melting Points were 

determined on Büchi SMP or a Lambda Photometrics OptiMelt MPA 100. Thin layer 

chromatography (TLC) analyses were performed on silica gel 60 F-254 with a 0.2 mm layer 

thickness. Detection via UV light at 254 nm / 326 nm or through staining with ninhydrin in 

EtOH. Column chromatography was performed on silica gel (70–230 mesh) from Merck. 

Commercially available solvents of standard quality were used. Starting materials were used 

without any further purification. Phospholipids were purchased from Avanti Polar Lipids Inc. 

Commercially available solvents of standard quality were used. If not otherwise stated, 

purification and drying was done according to accepted general procedures.34 Elemental 

analyses were carried out by the centre for chemical analysis of the Faculty of chemistry and 

pharmacy of the University of Regensburg. 

Synthesis of amphiphilic bis-Zn(II)-DPA complexes Zn21 and Zn22 

Receptor Zn21 and Zn22 were prepared from a tyrosine based bis-DPA metal chelating lipid 

which was synthesized according to a modified protocol of the procedure for the binuclear 

tyrosine based bis-DPA reported by Hamachi et al.35 Derivatization of the tyrosine scaffold 

on large scale was possible by standard peptide solution chemistry. 
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Scheme S1. Synthesis of amphiphilic tyrosine based bis-dpa zinc complexes. (a) Boc2O, DCM, RT, 20 h; (b) EDC, 
HOBt, DIPEA, DMF, toluene, 60 °C, 22h; (c) 2,2`-dipicoloylamine, paraformaldehyde, H2O, iPrOH, 80 °C, 30 min, 
reflux, 17 h; (d) HCl / ether, DCM, RT, 16 h; (e) ZnCl2, MeOH, RT, 2 - 3 h; (f) 5/6-carboxyfluorescein, DIPEA, TBTU, 
HOBt, DMF, 40 °C, 22 h. 
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Amide formation of 2536 with octadecylamine gave amphiphilic tyrosine derivative 26 in 

good yields. Mannich type reaction using 2,2`-dipycolylamine and paraformaldehyde 

according to literature known procedure gave the protected metal chelating lipid 27.35 

Removal of the Boc group in acidic conditions (HCl/ether) yielded compound 28 which was 

finally treated with two equivalents of ZnCl2 to give Zn22. 

A fluorescein label was introduced by amide formation of 28 with an isomeric mixture of 

5/6-carboxy fluorescein. Subsequent treatment with ZnCl2 gave the fluorescent amphiphilic 

binuclear tyrosine based metal complex Zn21. 

 

 [2-(4-Hydroxy-phenyl)-1-octadecylcarbamoyl-ethyl]-carbamic acid tert-butyl ester 

(26) 

Boc-Tyr-OH 25 (2.50 g, 8.9 mmol), DIPEA (5.0 mL, 29.3 mmol), EDC (1.73 mL, 9.8 mmol), and 

HOBt (1.32 g, 9.8 mmol) were dissolved in DMF (4 mL) under ice cooling and stirred for 45 

min. Subsequently a solution of octadecylamine (2.89 g, 9.8 mmol) in 25 mL DMF was added 

slowly. The reaction was allowed to warm to room temp. and was stirred over night (22 h) 

at 60 °C. The reaction progress was monitored by TLC (CHCl3 / MeOH 9:1). After completion 

of the reaction the solvent was removed and the crude product was loaded on flash silica 

gel and purified by flash column chromatography (CHCl3 / MeOH 95:5, Rf  = 0.40) yielding 26 

(3.82 g, 7.2 mmol, 81 %) as a colourless solid. MP: 115 °C. – 1H-NMR (600 MHz; CDCl3): δ 

(ppm) = 0.87 (t, 3J = 7.0 Hz, 3 H, C28H3), 1.25 (s, 30 H, C13H2 – C27H2), 1.36 (bs, 2 H, COSY: 

C12H2), 1.42 (s, 9 H, COSY: C1H3), 2.83-3.02 (m, 2 H, COSY: C5H2), 3.07-3.24 (m, 2 H, COSY: 

C11H2), 4.21 (m, 1 H, HMBC, COSY: C4H), 5.17 (bs, 1 H, COSY: NHa), 5.91 (bs, 1 H, COSY: NHb), 

6.74 (d, 2J = 8.5 Hz, 2 H, HMBC: C8H), 7.02 (d, 2J = 7.7 Hz, 2 H, HMBC: C7H). – 13C-NMR (150 

MHz; CDCl3): δ (ppm) = 14.1 (+, 1 C, C28H3), 22.7 (–, 1 C, alkyl-CH2), 26.8 (–, 1 C, alkyl-CH2), 28.3 

(+, 3 C, C1H3), 29.2 (–, 1 C, alkyl-CH2), 29.3 (–, 1 C, alkyl-CH2), 29.5 (–, 1 C, C12H2), 29.60, 29.65, 

29.69 (–, 10 C, alkyl-CH2), 31.9 (–, 1 C, alkyl-CH2), 37.9 (–, 1 C, C5H2), 39.6 (–, 1 C, C11H2), 56.2 

(+, 1 C, HMBC: C4H3), 80.3 (Cq, 1 C, C2), 115.6 (+, 2 C, HMBC: C7H), 130.4 (+, 2 C, HMBC: C8H), 

128.1 (Cq, 1 C, HMBC: C6), 155.2 (Cq, 1 C, HMBC: C9), 155.6 (Cq, 1 C, HMBC: C3), 171.3 (Cq, 1 C, 

HMBC: C10). – IR (ATR) [cm-1]: ν~  [cm] = 3335, 3306, 2959, 2917, 1682, 1655, 1523, 1468, 1367, 

1295, 1236, 1168, 1046, 896, 799. – MS (ESI(+), DCM/MeOH + 10 mmol/L NH4Ac): m/z (%) = 

533.6 (100) [MH+], 477.4 (19) [MH+ - C4H8]+, 555.5 (36) [MNa+]. – Elemental analysis calcd. (%) 
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for C32H56N2O4: C 72.14, H 10.59, N 5.26; found C 72.13, H 10.63, N 5.00. – MF: C32H56N2O4 – 

FW: 532.81 g/mol 

 

(2-{3,5-Bis-[(bis-pyridin-2-ylmethyl-amino)-methyl]-4-hydroxy-phenyl}-1-octadecyl 

carbamoyl-ethyl)- carbamic acid tert-butyl ester (27) 

2,2’-Dipicolylamine (2.35 g, 11.8 mmol) and paraformaldehyde (0.56 g, 18.9 mmol) were 

dissolved in 30 mL water / isopropanol (5:3) and the pH was adjusted to 8 by adding 

1 M NaOH. After stirring at 80 °C for 35 min, compound 26 (2.51 g, 4.7 mmol) was added, 

and the reaction mixture was refluxed for 17 h. After cooling to room temperature the 

solvent was evaporated and the residue was dissolved in ethyl acetate. The solution 

subsequently was washed with saturated NaHCO3 (3x) and brine (3x) followed by drying 

over MgSO4. After removal of the solvent in vacuo the crude product was purified by flash 

column chromatography on flash silica gel (ethyl acetate / MeOH 2:1, Rf = 0.1) obtaining 27 

(1.1 g, 1.15 mmol, 24 %) as a colourless oil. 1H-NMR (400 MHz; acetone-d6): δ (ppm) = 0.86 

(t, 3J = 6.9 Hz, 3 H, C37H3), 1.14-1.28 (m, 30 H, C22H2 – C36H2), 1.29 (s, 11 H, HSQC: C1H3, C21H2), 

2.87 (dd, 3J = 13.5 Hz, 2J = 6.5 Hz, 1 H, HSQC, COSY: C6H2), 2.94 (dd, 3J = 13.5 Hz, 2J = 7.4 Hz, 1 

H, HSQC, COSY: C6H2), 3.02 (dd, 3J = 12.9 Hz, 2J = 6.6 Hz, 2 H, HSQC: C20H2), 3.74 (d, 2J = 13.7 

Hz, 2 H, HMBC, COSY: C10H2), 3.80 (d, 2J = 13.7 Hz, 2 H, HMBC, COSY: C10H2), 3.85 (s, 8 H, 

COSY: C12H2), 3.34 (dd, 3J = 14.4 Hz, 2J = 7.1Hz, 1 H, COSY: C20H2), 5.98 (d, 3J = 8.2 Hz, 1 H, 

HSQC, COSY: N4H), 7.10 (s, 2 H, HMBC, COSY: C8H), 7.20 (ddd, 3J = 7.4 Hz, 4.9 Hz, 1.1 Hz, 4 H, 

HMBC: C16H), 7.29 (bs, 1 H, HSQC, COSY: N19H), 7.55 (d, 3J = 7.8 Hz, 4 H, HMBC: C14H), 7.69 

(dt, 3J = 7.7 Hz, 2J = 1.9 Hz, 4 H, HMBC: C15H), 8.52 (m, 4 H, HMBC: C17H), 10.96 (bs, 1 H, HSQC: 

OH). – 13C-NMR (100 MHz; acetone-d6): δ (ppm) = 14.3 (+, 1 C, C37H3), 23.3 (–, 1 C, alkyl-CH2), 

27.5 (–, 1 C, alkyl-CH2), 28.5 (+, 3 C, C1H3), 29.9 (–, 1 C, alkyl-CH2), 30.22 (–, 1 C, alkyl-CH2), 

30.27 (–, 1 C, alkyl-CH2), 30.4 (–, 9 C, alkyl-CH2, solvent peak), 32.6 (–, 1 C, alkyl-CH2), 38.8 (–, 

1 C, COSY: C6H2), 39.7 (–, 1 C, HSQC: C20H2), 55.3 (–, 2 C, HMBC, COSY: C10H2), 60.1 (–, 4 C, 

HMBC, COSY: C12H2), 56.9 (+, 1 C, HMBC: C5H3), 79.0 (Cq, 1 C, HMBC, HSQC, C2), 122.8 (+, 4 C, 

HMBC: C16H), 123.8 (+, 4 C, HMBC: C14H), 124.6 (Cq, 2 C, HMBC: C9), 127.7 (Cq, 1 C, HMBC: C7), 
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131.3 (+, 2 C, HMBC, COSY: C8H), 137.3 (+, 4 C, HMBC, COSY: C15H), 149.7 (+, 4 C, HMBC, 

COSY: C17H), 155.8 (Cq, 1 C, HMBC: C11), 155.8 (Cq, 1 C, HMBC: C11), 159.9 (Cq, 1 C, HMBC: C3), 

160.2 (Cq, 4 C, HMBC: C13), 171.9 (Cq, 1 C, HMBC: C18). – IR (ATR) [cm-1]: ν~  [cm] = 3383, 2922, 

2852, 1706, 1656, 1590, 1569, 1433, 1364, 1288, 1245, 1167, 1048, 995, 791. – MS (ESI(+), 

DCM/MeOH + 10 mmol/L NH4Ac): m/z (%) = 478.5 (100) [M + 2 H+]2+, 955.8 (85) [MH+]. – 

Elemental analysis calcd. (%) for C58H82N8O4: C 72.92, H 8.65, N 11.73; found C 72.38, H 8.34, 

N 11.63 – MF: C58H82N8O4 – FW: 955.35 g/mol 

N
H

C18H37

O

NH2

N

N

N

N

N

N

OH

 

2-Amino-3-{3,5-bis-[(bis-pyridin-2-ylmethyl-amino)-methyl]-4-hydroxy-phenyl}-N-

octadecyl-propionamide (28) 

Boc protected 27 (700 mg, 0.73 mmol) was dissolved in DCM under ice cooling and mixed 

with HCl/ether (3.7 mL; 1 mL / 0.2 mmol Boc group). The reaction was allowed to warm to 

room temp. and was stirred for additional 16 hours. After completion the reaction mixture 

was evaporated to dryness, the residue was suspended in saturated NaHCO3 and extracted 

with ethyl acetate (4x). Subsequently the organic phase was dried over MgSO4 and the 

solvent was removed in vacuo yielding 28·(497 mg, 0.58 mmol, 79 %) as a pale yellow oil. 1H-

NMR (300 MHz; DMSO-d6): δ (ppm) = 0.82 (t, 3J = 6.9 Hz, 3 H, CH3), 1.04 (bs, 4 H, alkyl-CH2), 

1.19 (s, 28 H, alkyl-CH2), 2.57 (dd, 3J = 13.5 Hz, 2J = 7.1 Hz, 1 H, Tyr-CH2), 2.73 (dd, 3J = 13.5 

Hz, 2J = 7.1 Hz, 1 H, Tyr-CH2), 2.91 (m, 2 H, CH2), 3.29 (t, 3J = 6.4 Hz, 1 H, C H), 3.65 (s, 4 H, Ar-

CH2-pyr), 3.74 (s, 8 H, N-CH2-pyr), 6.98 (s, 2 H, Ar-CH), 7.21 (m, 4 H, Pyr-CH), 7.46 (d, 3J = 8.0 

Hz, 4 H, Pyr-CH), 7.70 (dt, 3J = 7.6 Hz, 1.7 Hz, 4 H, pyr-CH), 8.47 (dd, 3J = 4.4 Hz, 0.3 Hz, 4 H, 

pyr-CH). – 13C-NMR (75 MHz; DMSO-d6): δ (ppm) = 13.8 (+, 1 C, CH3), 22.0 (–, 1 C, alkyl-CH2), 

26.1 (–, 1 C, alkyl-CH2), 28.52 (–, 1 C, alkyl-CH2), 28.57 (–, 1 C, alkyl-CH2), 28.78, 28.81, 28.89 (–, 

11 C, alkyl-CH2), 31.4 (–, 1 C, alkyl-CH2), 38.0 (–, 1 C, CH2), 40.2 (–, 1 C, CH2), 53.9 (–, 2 C, CH2), 

55.9 (+, 1 C, CH), 58.8 (–, 4 C, CH2), 122.1 (+, 4 C, CH), 122.5 (+, 4 C, CH), 123.1 (Cq, 1 C), 127.4 

(Cq, 1 C), 129.8 (+, 2 C, CH), 136.5 (+, 4 C, CH), 148.5 (+, 4 C, CH), 153.7 (Cq, 1 C), 158.5 (Cq, 4 

C), 173.5 (Cq, 1 C). – IR (ATR) [cm-1]: ν~  [cm] = 2921, 2852, 1658, 1590, 1522, 1474, 1433, 1372, 

1233, 1149, 1048, 996, 754. – MS (ESI(+), DCM/MeCN/TFA): m/z (%) = 428.4 (100) [M + 2 H+]2+, 

299.6 (16) [M + 3 H+ + MeCN]3+, 855.8 (14) [MH+], 286 (12) [M + 3 H+]. – HRMS Calcd for 

C53H75N8O2 855.6013; Found: 855.6000. – MF: C53H74N8O2 – FW: 855.23 g/mol 



 

 

 

 89 

4 Dynamic Interface Imprinting: High Affinity Peptide Binding Sites Assembled by Analyte-induced 
Recruiting of Membrane Receptors 

N
H

C18H37

O

NH2

N

N

N

N O N
Zn Zn

N

3+

3 Cl-

 

Amphiphilic binuclear Zn(II)-Dpa complex (Zn22) 

To a solution of compound 28 (36.5 mg, 43 µmol) in MeOH (2 mL) was added dropwise a 

methanolic solution of ZnCl2 (100 mM, 858 µL, 86 µmol). After stirring the reaction mixture 

for 2 h at room temperature, the methanol was removed in vacuo. The residue was 

dissolved in water and was lyophilized yielding complex 12 as a colourless solid in 

quantitative yield. MP: 147 °C. – IR (ATR) [cm-1]: ν~ = 2924, 2852, 1676, 1608,1573, 1477, 

1440,1303, 1270, 1156, 1100, 1053, 1023, 763. – UV (MeOH):  max (log    = 261 nm (4.076), 296 

(3.436). – MS (ESI(+), H2O/MeOH + 10 mmol/L NH4Ac): m/z (%) = 1099.7 (100) [M3+ + 

2 CH3COO-]+, 520.4 (69) [M3+ + CH3COO-]2+. – MF: C53H74N8O2Zn2Cl4 – FW: 1127.79 g/mol 

 

 

Isomeric mixture of amphiphilic, fluorescein labeled Dpa ligand (29) 

A isomeric mixture of 5/6-carboxyfluorescein (246 mg, 0.65 mmol), DIPEA (323 µL, 

1.87 mmol), TBTU (315 mg, 0.98 mmol), and HOBt (133 mg, 0.98 mmol) were dissolved under 

nitrogen atmosphere in dry DMF (4 mL) under ice cooling and stirred for 1 h. Subsequently 

28 (400 mg, 0.47 mmol) in 4 mL DMF was added slowly. The reaction was allowed to warm 
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to room temperature and was stirred 22 h at 40 °C. The reaction progress was monitored by 

TLC (CHCl3 / MeOH 9:1). After completion of the reaction the solvent was removed and the 

crude product was purified by preparative HPLC yielding the isomers 29 as an orange-yellow 

solid. MP: 97 – 99 °C. – UV (MeOH): λmax (log ε) = 224 (4.629), 260 (4.158), 454 (3.500), 481 

(3.481). – IR (ATR) [cm-1]: ν~  [cm] = 2924, 2853, 1757, 1670, 1609, 1438, 1377, 1246, 1178, 

1126, 955, 837, 798, 755, 719. – MS (ESI(+), DCM/MeCN/TFA): m/z (%) = 607.6 (100) [M + 2 

H+]2+, 405.3 (65) [M + 3 H+]2+, 1213.9 (11) [MH+]. – LC-MS (+ p ESI Q1MS ; RT 40 min): m/z (%) 

= 607.6 (100) [M + 2 H+]2+, 1213.9 (65) [MH+]+, 405.3 (38) [M + 3 H+]2+. – MF: C74H84N8O8 – FW: 

1213.53 g/mol 

Purification by preparative HPLC: 

Column: LabID75 Phenomenex Luna 250 x 21.2 mm 10 um / Ser.Nr. 453159-3 

Flow:     21 mL / min 

Concentration   10 mg / mL 

Injection volume:   500 µL 

Detection wavelength:  220 nm 

Gradient:   0 min –  5 % MeCN / H2O (+ 0.0059 % TFA) 

 43 min – 72 % MeCN / H2O (+ 0.0059 % TFA) 

 45 min – 98 % MeCN / H2O (+ 0.0059 % TFA) 

 55 min – 98 % MeCN / H2O (+ 0.0059 % TFA) 

Retention time: ca. 42 min 

 

 

Fluorescent binuclear Zn(II)-Dpa complex (Zn21) 

To a solution of compound 29 (10.5 mg, 8.7 µmol) in MeOH (2 mL) was added dropwise a 

methanolic solution of MnCl2 (100 mM, 174 µL, 17.4 µmol). After stirring the reaction 
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mixture for 2.5 h at room temperature, the methanol was removed in vacuo. The residue 

was dissolved in water and was lyophilized yielding complex 14 as an orange solid in 

quantitative yield (13 mg, 8.7 µmol). MS (ESI(+), H2O/MeOH + 10 mmol/L NH4Ac): m/z (%) = 

701.7 (100) [M3+ + CH3COO-]+, 1398.0 (8) [M3+ - H+ + CH3COO-]+, 1458.0 (7) [M3+ + 2 CH3COO-]+. 

– MF: C74H84N8O8Zn2Cl4 – FW: 1486.10g/mol 

 

Synthesis of amphiphilic Cu(II)-NTA complex Cu3 

Receptor Cu3 was prepared by connecting a carboxytetramethylrhodamine label, an 

ornithine based NTA binding site and a hydrophobic anchor via a central cyanuric chloride 

linker and complexation of the amphiphilic ligand with Cu(II). 
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Scheme S2. Synthesis of an amphiphilic, fluorescent copper complex: (a) Cbz chloride, DCM, 0°C, 3 h; (b) tert 
butyl acetate, HClO4, RT, 72 h; (c) bromo tert butyl acetate, DMF, 55°C, 20 h; (d) Pd/C.H2, EtOH, RT, 72 h. 
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Scheme S3. Synthesis of an amphiphilic, fluorescent copper complex: (e) octadecylamine, K2CO3, acetone, RT, 20 
h; (f) Cbz-diamine 31, K2CO3, acetone, 50°C, 48 h; (g) NTA-precursor 35, collidine, dioxane, 140°C (MW), 1.5 h; 
(h) Pd/C, H2, EtOH, RT, 48 h; (i) carboxytetramethylrhodamine, TBTU, HOBt, DIPEA, DMF, 0°C, 1 h / 40°C, 24 h; 
(j) TFA, RT, 24 h; (k) Cu2(OH)2CO3, MeOH, 60°C, 4 h. 

 

Ethylenediamine 30 is Cbz-protected to give mono-amine 31. Cbz-protected L-ornithine 32 is 

converted into the butyl acetate ester 33. The amine group of 33 reacts in a nucleophilic 

substitution with bromo-tert-butyl-acetate to give 34 and yields after deprotection the free 
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amine 35. To introduce the hydrophobic anchor octadodecanylamine 13 is tethered by 

nucleophilic substitution to cyanuric chloride 36 yielding compound 37. Subsequently Cbz-

protected ethylenediamine 31 is attached to 37 yielding 38 to connect 

carboxytetramethylrhodamine as fluorescent label. Next, the NTA-precursor 35 is coupled to 

the unprotected functional group of the linker 38 via nucleophilic substitution yielding 39. 

Hydrogenolytic Cbz-deprotection gives compound 40, which is tethered to an in situ formed 

active ester of carboxytetramethylrhodamine. Treatment of 41 with TFA leads to the free 

acid 42. In a last step copper is chelated by the acid groups of the NTA-complex 42 yielding 

the target receptor Cu3. 

 

Synthesis of benzyl (2-aminoethyl)carbamate (31) 

Ethylenediamine 30 (12.1 mL, 180 mmol) was dissolved in DCM (240 mL) and a solution of 

benzyl chloroformate (2.5 mL, 18 mmol) in DCM (60 mL) was added dropwise over 1.5 h at 

0 °C. The reaction mixture was stirred at this temperature for further 1.5 h and at room 

temperature overnight. The formed precipitate was filtered off, the filtrate was washed 

three times with brine (150 mL) and the organic phase was dried over MgSO4. Evaporation 

of the solvent leads to a pale-yellow, crystalline raw product which was purified via column 

chromatography (silica gel, CHCl3/MeOH/Et3N 70:29:1; Rf = 0.09). The product 31 (2.07 g, 10.7 

mmol, 59 %) was obtained as pale-yellow oil which crystallizes at 0 °C. 1H-NMR (400 MHz, 

CDCl3), δ [ppm]: 1.70 (2 H, bs, NH2-CH2), 2.73 (2 H, pt, H2N-CH2-CH2), 3.17 (2 H, dd, CH2-CH2-

NH), 5.05 (2 H, s, O-CH2-C), 5.65 (1 H, bs, CH2-NH-C), 7.29 (5 H, m, CHarom). –  13C-NMR (100 

MHz, CDCl3), δ [ppm]: 156.84 (NH-CO2), 136.64 (CH2-C-C5H5), 128.51, 128.48, 128.02 (C-C5H5), 

66.60 (O-CH2-C), 43.71 (CH2-CH2-NH), 41.62 (H2N-CH2-CH2). – MS (ESI(+), H2O + 0.1% FA/MeCN 

+ 0.1% FA): m/z (%) = 195.1 (100) [MH+]. 

 

Synthesis of tertbutyl protected 2-amino-5-(((benzyloxy)carbonyl)amino) 

pentanoic acid (33) 

Benzyloxycarbonyl ornithine 32 (10.00 g, 37.55 mmol) was dissolved in tert butyl acetate 

(471 mL, 3.47 mol), perchloric acid (70 %, 5.64 mL, 67.59 mmol) was added and the solution 

was stirred at rt for 72 h. The reaction mixture was cooled to 0°C and four times extracted 
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with 0.5 M hydrochloric acid (300 mL). 2 M sodium hydroxide solution was added to the 

aqueous phase and the target molecule was extracted from the basic solution with diethyl 

ether (three times, 200 mL), dried over Na2SO4 and the solvent was removed in vacuo. 33 

was obtained as yellow oil (8.61 g, 26.71 mmol, 71 %). – 1H-NMR (400 MHz, CDCl3): δ [ppm] = 

1.43 (s, 9H, CH3), 1.55 – 1.70 (m, 4H, 2x CH2), 3.18 (m, 2H, CH2-NH), 3.30 (m, 1H, CH), 5.05 

(s, 2H, CH2-Cbz), 5.25 (s, 1H, NH), 7.25 – 7.36 (m, 5H, CHaromat.). – 13C-NMR (100 MHz, CDCl3): 

δ [ppm] = 26.0 (CH3), 28.2 (CH2), 40.9 (CH2), 54.4 (CH), 66.6 (CH2), 81.3 (CHquart.), 128.6 

(CHarom.), 137.0 (Cquart,arom.), 156,5 (Ccarbonyl), 175,0 (Ccarbonyl). – MS (ESI(+), H2O + 0.1% FA/MeCN 

+ 0.1% FA): m/z (%) = 323.0 (100) [MH+], 645.4 (36) [2MH+]. 

 

 

Synthesis of di-tert-butyl 2,2'-((5-(((benzyloxy)carbonyl)amino)-1-(tert-butoxy)-1-

oxopentan-2-yl)azanediyl)diacetate (34) 

Two-fold protected ornithine 33 (8.61 g, 26.71 mmol), tert butyl bromoacetate (15.50 mL, 

106.82 mmol) and DIPEA (22.71 mL, 133.53 mmol) were dissolved in dry DMF (100 mL) under 

nitrogen atmosphere and the mixture was stirred at 55 °C for 20 h. Subsequently the solvent 

was removed under vacuo yielding a dark brown solid which was suspended in ethyl acetate 

(60 mL) and filtered off. The residue was washed three times with hexane/ethyl acetate (3:1, 

120 mL). After evaporation a brown oil (17.54 g) was obtained. The crude product was 

purified via column chromatography (flash silical gel, hexanes/EA 3:1; Rf = 0.27) to give 34 as 

pale yellow solid (12.74 g, 23.mmol, 86 %). – 1H-NMR (400 MHz, CDCl3): δ [ppm] = 1.38 (s, 

27H, CH3), 1.55 – 1.70 (m, 4H, 2x CH2), 3.16 – 3.25 (m, 3H, CH and CH2-NH), 3.30 – 3.44 (m, 4H, 

2x CH2-Ntert.), 5.00 (s, 2H, CH2-Cbz), 5.22 (s, 1H, NH), 7.21 – 7.27 (m, 5H, CHaromat.). – 13C-NMR 

(100 MHz, CDCl3): δ [ppm] = 26.0 (CH3), 28.2 (CH2), 40.6 (CH2), 54.0 (CH), 65.1 (CH2), 66.4 

(CH2), 81.2 (CHquart.), 128.0 (CHarom.), 136.8 (Cquart,arom.), 156.5 (CHcarbonyl), 175.1 (CHcarbonyl). – MS 

(ESI(+), H2O + 0.1% FA/MeCN + 0.1% FA): m/z (%) = 551.2 (100) [MH+]. 
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Synthesis of di-tert-butyl 2,2'-((5-amino-1-(tert-butoxy)-1-oxopentan-2-

yl)azanediyl)diacetate (35) 

Cbz-protected NTA-precursor 34 (484 mg, 0.51 mmol) was dissolved in ethanol (15 mL) and 

Pd/C (500 mg) was added. The reaction mixture was stirred at rt and under hydrogen 

atmosphere (30 bar) for 72 h. Subsequently Pd/C was filtered off via celite and the solvent 

was evaporated yielding the yellow oil 35 (372 mg, 0.45 mmol, 89%). 1H-NMR (300 MHz, 

CDCl3) δ [ppm] = 5.00 (bs, 1 H, NH), 3.41 (s, 2 H, CH2-N), 3.38 (s, 2 H, CH2-N), 3.31 (m, 1 H, CH-

N), 2.85 (m, 2H, CH2-NH2), 1.52- 1.87 (m, 4 H, 2x CH2alkyl), 1.41 - 1.38 (m, 27 H, CH3). – 13C-NMR 

(100 MHz, CDCl3) δ [ppm] = 171.82 (COO), 170.68 (COO), 81.40 (COquart.), 81.03 (COquart.), 65.21 

(CH-N), 57.79 (CH2-N), 40.36 (CH2-NH2), 28.13 (CH2alkyl), 28.04 (CH3), 27.04 (CH2-CH), 18.30 

(CH3). – MS (ESI(+), H2O + 0.1% FA/MeCN + 0.1% FA): m/z (%) = 417.3 (100) [MH+]. 

 

Synthesis of 4,6-dichloro-N-propyl-1,3,5 triazin-2-amine (37) 

Octadecylamine (1.02 g, 5.50 mmol) was dissolved in acetone (40 mL) and a solution of 2,4,6-

trichloro-1,3,5-triazine 36 (1.47 g, 5.44 mmol) in acetone (25 mL) and water (5 mL) was 

added at 0 °C, followed by the addition of K2CO3 (2.25 g, 16.28 mmol) in water (10 mL). The 

reaction mixture was stirred at 0 °C for further 30 min and at rt for 20 h. After the solvent 

was removed in vacuo the residue was washed with brine (5 mL) and extracted three times 

with CHCl3 (25 mL). The organic phases were dried over MgSO4 and the solvent was 

evaporated to give a white powder (2.20 g). The crude product was purified via silica 

column chromatography (hexanes/EA 10:1; Rf = 0.37) yielding the white solid 37 (1.30 g, 3.11 

mmol, 57 %). – 1H-NMR (300 MHz, CDCl3) δ [ppm] = 3.47 (q, 2H, CH2-NH), 1.59 (m, 2H, 

CH2alkyl)), 1.25 -1.32 (m, 30H,15 x CH2alkyl)), 0.88 (t, 3H, CH3). – 13C NMR (100 MHz, CDCl3) 

δ [ppm] = 171.01 (Carom.-NH), 165.83 (Carom.-Cl), 41.58 (CH2alkyl)), 31.94 (CH2alkyl)), 29.48 (CH2alkyl)), 

26.64 (CH2alkyl)), 22.71 (CH2alkyl)), 14.14 (CH3). – MS (ESI(+), H2O + 0.1% FA/MeCN + 0.1% FA): 

m/z (%) = 417.2 (100) [MH+]. 
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Synthesis of benzyl (2-((4-chloro-6-(propylamino)-1,3,5-triazin-2-yl) 

amino)ethyl)carbamate (38) 

Amphiphilic triazine 37 (4.50 g, 10.80 mmol) was dissolved in acetone (50 mL) followed by 

the addition of Cbz-protected ethylendiamine 31 (2.10 g, 10.80 mmol) and K2CO3 (7.46 g, 

54.00 mmol). The mixture was stirred at 50 °C for 40 h before the solvent was removed in 

vacuo. The residue was redissolved in CHCl3 (100 mL) and washed three times with a 

water/brine solution (2:1, 100 mL). The organic phases was dried over MgSO4 and the 

solvent was evaporated. The obtained crude product was recrystallized from EA yielding 38 

as a light brown solid (3.46 g, 6.01 mmol, 56 %). 1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.29 

(m, 5 H, CHarom), 5.08 (s, 2 H, CH2-Cbz.), 3.56 (m, 2 H, CH2alkyl), 3.27- 3.45 (m, 4 H, CH2-CH2), 

1.53 (t, 2 H, CH2alkyl), 1.25 (bs, 30 H, 15 x CH2alkyl), 0.88 (t, 3 H, CH3). – 13C-NMR (100 MHz, 

CDCl3) δ [ppm] = 136.53 (Carom), 128.07- 128.54 (CHarom.), 66.72 (CH2-CH2), 41.05 (CH2alkyl), 

31.94 (CH2alkyl), 29.38 - 29.72 (CH2alkyl), 22.71 (CH2alkyl), 14.14 (CH3). – MS (ESI(+), H2O + 0.1% 

FA/MeCN + 0.1% FA): m/z (%) = 574.4 (100) [MH+]. 

 

 

Synthesis of di-tert-butyl 2,2'-((5-((4-((2-(((benzyloxy)carbonyl)amino) 

ethyl)amino)-6-(octadecylamino)-1,3,5-triazin-2-yl)amino)-1-(tert-butoxy)-1-

oxopentan-2-yl)azanediyl)diacetate (39) 

Amine 35 (1.00 g, 2.47 mmol) was suspended in dioxane (10 mL) followed by the addition of 

the two-fold substituted triazine 38 (1.42 g, 2.47 mmol) and collidine (1.63 µl, 12.37 mmol). 

The reaction was carried out in a microwave (150 W, 1.7 bar) at 140 °C for 1.5 h. After 

evaporation a brown oil was obtained. The crude product was purified via column 
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chromatography (flash silica gel, EA/hexanes/Et3N 75:20:5; Rf = 0.43) to give product 39 as a 

dark yellow oil (0.48 g, 0.51 mmol, 21 %). 1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.29 - 7.33 (m, 

5 H, CHarom), 5.07 (s, 2 H, CH2-Cbz), 3.26 - 3,50 (m, 13 H, CH and 6 x CH2alkyl), 1.70 (m, 2 H, 

CH2alkyl), 1.64 (m, 2 H, CH2alkyl), 1.50 (t, 2 H, CH2alkyl), 1.43 (bs, 30 H, CH2alkyl), 1.24 (bs, 27 H, 

CH3), 0.88 (t, 3 H, CH3). – 13C-NMR (100 MHz, CDCl3) δ [ppm] =172.22 (COO), 170.66 (COO), 

136.73 (CHarom)), 128.45 (CHarom)), 127.96 (CHarom), 81.11 (COquart), 80.67 (COquart), 

66.49 (CHCOO), 65.1. (CH2O), 53.82 (CH2-N), 40.68 (CH2-NH), 40.39 (CH2-NH), 31.92 - 

26.22 (CH2alkyl), 26.97 (CH3), 22.69 (CH2-CH3), 14.12 (CH3). – MS (ESI(+), H2O + 0.1% FA/MeCN 

+ 0.1% FA): m/z (%) = 478.4 (100) [M + 2 H+]2+, 955.8 (64) [MH+]. 

 

 

Synthesis of di-tert-butyl 2,2’-(5-((4-((2-aminoethyl)amino)-6-(octodecylamino)-

1,3,5-triazin-2-yl)amino)1-(tert-butoxy)-1-oxopentan-2-yl)azanediyl)diacetate (40) 

Cbz-protected spacer moiety 39 (190 mg, 0.20 mmol) was dissolved in ethanol (15 mL) and 

Pd/C (500 mg) was added. The reaction mixture was stirred at rt and under hydrogen 

atmosphere (30 bar) for 48 h. Subsequently Pd/C was filtered off via celite and the solvent 

was evaporated yielding 40 as light-yellow oil (156 mg, 0.19 mmol, 95%). 1H-NMR (300 MHz, 

CDCl3) δ [ppm] = 3.26 – 3.58 (m, 13 H, CH and 6 x CH2alkyl), 1.71 (m, 2 H, CH2alkyl), 1.64 (m, 2 H, 

CH2alkyl), 1.55 (t, 2 H, CH2alkyl), 1.42 (bs, 30 H, CH2alkyl), 1.24 (bs, 27 H, CH3), 0.88 (t, 3 H, CH3). – 

13C-NMR (100 MHz, CDCl3) δ [ppm] =172.22 (COO), 170.66 (COO), 136.73 (CHarom)), 128.45 

(CHarom)), 127.96 (CHarom), 81.11 (COquart), 80.67 (COquart), 66.49 (CHCOO), 65.1. (CH2O), 53.82 

(CH2-N), 40.68 (CH2-NH), 40.39 (CH2-NH), 31.93 - 26.22 (CH2alkyl), 26.97 (CH3), 22.69 (CH2-CH3), 

14.13 (CH3). – MS (ESI(+), H2O + 0.1% FA/MeCN + 0.1% FA): m/z (%) = 411.2 (70) [M + 2 H+]2+, 

431.8 (100) [M + 2 H+ + MeCN]2+, 821.7 (30) [MH+]. 
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Synthesis of 4-((2-((4-((4-(bis(2-(tert-butoxy)-2-oxoethyl)amino)-5-(tert-butoxy)-5-

oxopentyl)amino)-6-(octadecylamino)-1,3,5-triazin-2-yl)amino) ethyl)carbamoyl)-

2-(6-(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)benzoate (41) 

Carboxytetramethylrhodamine (180 mg, 0.42 mmol), TBTU (148 mg, 0.46 mmol), HOBt 

(62 mg, 0.46 mmol) and DIPEA (284 µL, 1.67 mmol) were dissolved in dry DMF (4.5 mL) under 

nitrogen atmosphere at 0°C and the reaction mixture was stirred at rt. After 1 h a solution 

of the receptor-precursor 40 (343 mg, 0.42 mmol) in dry DMF (3 mL) was added dropwise 

over 35 min. The reaction mixture was warmed to 45 °C and stirred for another 40 h. 

Subsequently the solvent was removed and the pink residue was purified via column 

chromatography (flash silica gel, EA/MeOH/Et3N 75:20:5) to give 41 as magenta oil. (76 mg, 

0.06 mmol, 15 %). 1H-NMR (300 MHz, CDCl3) δ [ppm] = 0.80 (t, 3 H, CH3), 1.11 (m, 2 H, CH2 

alkyl), 1.17 (m, 28 H, CH2 alkyl ), 1.27 (m, 2 H, CH2 alkyl), 1.35 (s, 27 H, CH3 Boc), 1.45 – 1.73 (m, 4 H, 

CH2 alkyl), 3,00 (m, 12 H, CH3-N), 3.16-3.55 (m,13 H, CH2 and CH), 7.22 (s, 1H, arom.), 7.34 – 7.49 

(m, 4 H, arom), 7.64 – 7.67 (m, 4H, arom.). – 13C-NMR (100 MHz, CDCl3) δ [ppm] = 8.7, 14.1, 

22.7, 28.0, 28.3, 29.7, 31.9, 45.7, 53.4, 110.7, 110.9, 118.5, 124.0, 125.1, 127.8. – MS (ESI(+), 

H2O + 0.1% FA/MeCN + 0.1% FA): m/z (%) = 1234.0 (100) [MH+]. 
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Synthesis of 4-((2-((4-((4-(bis(carboxymethyl)ammonio)-4-carboxybutyl) amino)-6-

(octadecylamino)-1,3,5-triazin-2-yl)amino)ethyl)carbamoyl)-2-(6-

(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)benzoate (42) 

41 (92 mg, 0.08 mmol) was dissolved in TFA (1.6 mL, 20.77 mmol) and stirred at rt for 30 h. 

TFA was evaporated in vacuo, the residue was suspended in water (3 mL) and lyophilized 

giving product 42 (83 mg, 0.08 mmol, 98 %) as a magenta solid. 1H-NMR (600 MHz, CDCl3) δ 

[ppm] = 0.86 (t, 3 H, CH3), 1.15 – 1.28 (m, 28 H, CH2 alkyl), 1.36-1.38 (m, 4 H, CH2 alkyl ), 1.39 – 

1.42 (m, 12 H, CH3), 3.09 – 3.15 (m, 5 H, CH-(CH2)2), 3.16 – 3.20 (m, 8 H, CH2-NH), 3.69 – 3.71 

(m, 4 H, CH2-COOH), 6.61 (bs,1 H, NH), 6.74 (bs,1 H, NH), 6.98 (bs,1 H, NH), 7.39 (t, 1H, 

CHarom.), 7.41 – 7.53 (m, 4 H, CHarom.), 7.56 (d, 1H, CHarom.), 7.75 – 7.83 (m, 2H, CHarom.), 8.02 (d, 

1H, CHarom.), 8.61 (bs,1 H, NH), 9.12 (bs,1 H, NH). – 13C-NMR (150 MHz, CDCl3) δ [ppm] = 14.1 

(+, 1 C, CH3), 17.3 (+, 2 C, CH3), 18.5 (+, 2 C, CH3), 22.6 (-, 1 C, CH2 alkyl), 28.8 – 29.7 (-, 16 C, CH2 

alkyl), 31.9 (-,1 C, CH2 alkyl), 40.6 (+, 1 C, CH), 41.0 (-, 1 C, CH-(CH2)2), 42.5 (-, 1 C, CH-(CH2)2), 46.3 

(-, 4C, CH2-NH), 54.4 (-, 2 C, CH2-COOH), 109.8 (+, 1 C, CHarom.), 112.6 (+, 1 C, CHarom.), 114.1 (+, 

1 C, CHarom.), 114.7 (-, 1 C, Cq), 114.8 (-, 1 C, Cq), 116.7 (-, 1 C, Cq), 118.6 (-, 1 C, Cq), 119.7 (+, 1 

C, CHarom.), 124.8 (+, 1 C, CHarom.), 127.0 (+, 1 C, CHarom.), 128.1 (+, 1 C, CHarom.), 128.6 (+, 1 C, 

CHarom.), 128.9 (+, 1 C, CHarom.), 130.4 (-, 1 C, Cq), 130.9 (-, 1 C, Cq), 136.6 (-, 1 C, Cq), 142.5 (-, 1 

C, Cq), 157.0 (-, 1 C, Cq), 157.3 (-, 1 C, Cq), 160.6 (-, 1 C, Cq), 160.9 (-, 1 C, Cq), 161.1 (-, 1 C, Cq), 

161.4 (-, 1 C, Cq). – MS (ESI(+), DCM/MeOH + 0.1% FA): m/z (%) = 533.5 (100) [M + 2 H+]2+, 

1065.7 (26) [MH+]. 
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Synthesis of the amphiphilic, labeled Cu(II)-NTA-complex (Cu3) 

Deprotected 42 (83.0 mg, 0.08 mmol) was dissolved in MeOH (1.5 mL) and a suspension of 

Cu(OH)2CO3 and a very small amount of MeOH was added. The reaction was completed by 

stirring the mixture at rt for 20 h and at 60°C for 3 h. Subsequently the warm solution was 

filtered immediately and the solvent was evaporated. The residue was suspended in water 

(2 mL) and lyophilized yielding Cu3 (89.0 mg, 0.08 mmol, 99 %) as a dark magenta solid. 

MS (ESI(-), H2O/MeOH + 10 mmol/L NH4Ac): m/z (%) = 1124.4 (100) [M - H - 2 H2O]-. 

 

 

Scheme S4. Structures and symbols of (non-)amphiphilic receptors and ligands (counterions omitted). 
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Receptor-ligand binding in homogeneous (Zn26, Zn46) and vesicular (Zn25) 
solution 

 

 

Figure S1. (a) Schematic recognition of P1 in homogeneous aqueous solution by previously developed 
receptors26 Zn26 and Zn46; (b) Schematic recognition of P1 by membrane-embedded receptor Zn25 in DSPC and 
DOPC vesicles. 

 

Vesicles 

Preparation 

In small glass reaction vessels 1 - 5 µmol of DOPC or DSPC were dissolved in chloroform and 

optionally 0.1-10 mol% of dissolved metal complexes were added and mixed. The solvent 

was completely removed under reduced pressure at 25 °C (DOPC) or 75˚C (DSPC) and an 

appropriate amount of buffer (HEPES 10 mM, pH 7.4) was added to obtain lipid 

concentrations of 1 - 2 mM. Vigorous shaking at 25 °C (DOPC) or 75 °C (DSPC) for 5 - 10 

minutes yielded a turbid multi-lamellar vesicle suspension. Small uni-lamellar dispersions 

were obtained by extrusion through 100 nm-pore size polycarbonate membranes with a 

LiposoFast liposome extruder from Avestin.37 

Metal complex concentration 

For all vesicles the receptor concentration refers to the outer surface exposed binding sites, 

as only these should be reactive, with the assumption that embedded compounds distribute 

equally in both layers of the vesicle membrane and the bilayer thickness for the prepared 

vesicles amounts to 5 nm.11, 38-40 

Dynamic light scattering (DLS) 

Vesicle size distributions were determined using Dynamic light scattering (DLS). The 

standard size distribution of species obtained after extrusion is the following: 

a) b) 
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Figure S2. Typical size distribution of 100nm-sized vesicles. 

 

Size exclusion chromatography (SEC) 

In order to remove low molecular weight solutes vesicles can be purified by size exclusion 

chromatography via small spin columns.41 For this Sephadex LH-20 SEC medium was swollen 

in buffer solution prior to use. 5 mL bed volume per mL vesicle suspension was transferred 

into a small plastic syringe with filter support and removed plunger and the solvent 

removed by centrifugation (Eppendorf bench top centrifuge, 15 sec @ 4400 rpm). Vesicle 

solutions were added onto the column and recovered by subsequent centrifugation. 

 

Cu- and Zn-quantification via atomic emission spectroscopy (ICP-AES) 

In order to verify the receptor concentration of prepared vesicles their total metal content 

was measured via ICP-AES on a Spectro Flame-EOP spectrometer. Standard curves were 

recorded in Millipore water to quantify Cu and Zn in stock solutions of Cu3 and Zn21. Metal 

contents were again determined after receptor-embedding in vesicle membranes and 

purification of vesicular solutions via SEC. 
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Figure S3. (a) Absolute (in mM) and (b) relative concentrations of Cu- and Zn in stock solutions of Cu3 and Zn21 
and corresponding vesicle preparations before and after purification via SEC. 

 

Supporting experimental data for Zn25-vesicles vs. P1 
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Figure S4. Raw emission spectra of P1 in the presence of increasing amounts of receptor-vesicles. 
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Figure S5. Emission response of Zn25 doped (1 mol% each) DOPC and DSPC vesicle membranes. 
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Figure S6. Non-linear curve fitting of DOPC-vesicles doped with 1 mol% Zn25. 
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Figure S7. Non-linear curve fitting of DSPC-vesicles doped with 1 mol% Zn25. 
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Figure S8. Non-linear curve fitting of DSPC-vesicles doped with 10 mol% Zn25. 
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Figure S9. Job’s Plot (limiting reagent method) of P1 vs. DSPC-vesicles doped with 1 mol% Zn25. 
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Figure S10. Job’s Plot (limiting reagent method) of P1 vs. DSPC-vesicles doped with 1 mol% Zn25. 

 

 

Figure S11. Size distributions of vesicles doped with 1 mol% Zn25 in the presence of increasing amounts of P1 
(0.5 – 200 eq.) showing no apparent crosslinking of membranes. 
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Supporting experimental for Zn22/Cu4-vesicles vs. P1 
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Figure S12. Non-linear curve fit for Zn22 (1 mol%) in DOPC-vesicles. 
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Figure S13. Non-linear curve fit for Cu4 (1 mol%) in DOPC-vesicles. 

 

0.00E+000 5.00E-009 1.00E-008 1.50E-008 2.00E-008

0

50000

100000

150000

200000

∆ 
In

te
ns

ity
 (

C
P

S
)

[Receptor] (M)

 

Figure S14. Non-linear curve fit for Zn22 + Cu4 (1 mol% each) in DOPC-vesicles. 
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Figure S15. Non-linear curve fit for Zn22 (1 mol% each) in DSPC-vesicles. 
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Figure S16. Non-linear curve fit for Cu4 (1 mol% each) in DSPC-vesicles. 
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Figure S17. Non-linear curve fit for Zn22 + Cu4 (1 mol% each) in DSPC-vesicles. 

 



 

 

 

 
 108 

4 Dynamic Interface Imprinting: High Affinity Peptide Binding Sites Assembled by Analyte-induced 
Recruiting of Membrane Receptors 

0 25 50 75 100 125 150 175 200 225 250 275

0

100000

200000

300000

400000

500000

600000

700000

800000

∆ 
In

te
ns

ity
 (

C
P

S
)

Receptor / Peptide (mole/mole)

 

Figure S18. Job’s Plot (limiting reagent method) of P1 vs. DSPC-vesicles doped with Zn22 + Cu4 (1 mol% each). 

 

 

Figure S19. Job’s Plot (limiting reagent method) of P1 vs. DOPC-vesicles doped with Zn22 + Cu4 (1 mol% each) 

 

Supporting experimental for Zn21/Cu3-vesicles vs. P2 

 

Figure S20. Fluorescence emission spectra of DSPC (left) and DOPC (right) vesicles equipped with Cu3 and Zn21 
(0.5 mol% each). 
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Figure S21. Raw emission spectra of DOPC vesicles functionalized with either 0.1 mol% of Zn21 (left) or Cu3 
(right) in the presence of increasing amounts of mono- or divalent peptide ligands (P0, PH, PP or P2, 0 – 100 eq.). 
Peptide binding towards these mono-receptor-vesicles does not produce a significant emission response. 

 

Figure S22. Emission spectra of DSPC vesicles (left) and DOPC vesicles (right) functionalized with 0.5 mol% Cu3 
and Zn21 each in the presence of increasing amounts of P2. 

 

Figure S23. Emission spectra of DOPC vesicles (0.5 mol% Cu3 and Zn21) in the presence of equivalent amounts 
of the control peptides PH, PP and P0 compared to P2. 
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Figure S24. Observed particle size distribution for mixtures of DOPC/Cu3-vesicles (0.1 mol%) and DOPC/Zn21-
vesicles (0.1mol%) before (black) and after (grey) treatment with P2 showing no apparent crosslinking and 
increase in vesicle size. 

 

 

Figure S25. Observed particle size distribution for DOPC vesicles functionalized with Cu3 and Zn21 (0.1 mol% 
each) before (black) and after (grey) treatment with P2 showing no apparent crosslinking and increase in vesicle 
size. 
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CHAPTER 5 

VESICLES AND MICELLES FROM AMPHIPHILIC ZN(II)-CYCLEN COMPLEXES 

AS HIGHLY POTENT PROMOTERS OF HYDROLYTIC DNA CLEAVAGE 

 

Phosphate esters are 

essential to any living 

organism and their specific 

hydrolysis plays an important 

role in many metabolic 

processes. As phosphodiester 

bonds can be extraordinary 

stable, as in DNA, great effort has been put into mimicking the active sites of hydrolytic 

enzymes which can easily cleave these linkages and were often found to contain one or 

more coordinated metal ions. With this in mind, we report micellar and vesicular 

Zn(II)-cyclen complexes which considerably promote the hydrolytic cleavage of native DNA 

and the activated model substrate bis(4-nitrophenyl)phosphate (BNPP). They are formed by 

self-assembly from amphiphilic derivatives of previously employed complexes in aqueous 

solution and therefore allow a simple and rapid connection of multiple active metal sites 

without great synthetic effort. Considering the hydrolytic cleavage of BNPP at 25 °C and 

pH 8, the micellar and vesicular metal catalysts show an increase of second-order rate 

constants (k2) by 4 – 7 orders of magnitude compared to the unimolecular complexes under 

identical conditions. At neutral pH, they produce the highest k2 values reported so far. For 

pBR322 plasmid DNA, both a conversion of the supercoiled to the relaxed and linear form, 

and also a further degradation into smaller fragments by double strand cleavages could be 

observed after incubation with the vesicular Zn(II)-complexes. Finally, even the cleavage of 

nonactivated single-stranded oligonucleotides could be considerably promoted compared to 

background reaction. 
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Introduction 

Phosphate esters are ubiquitously found in nature and essential to any living being as DNA 

with its phosphodiester backbone contains the genetic code of an organism. Therefore 

these biomolecules need to possess a sufficient stability under physiological conditions to 

prevent premature degradation or accidental altering - DNA has an estimated half-life of 30 

million years concerning the spontaneous hydrolysis of a single phosphodiester bond.1 

Nevertheless the specific hydrolysis of such very stable phosphodiester bonds plays an 

important role in metabolic and regulatory processes2 and is easily performed by specific 

enzymes, which often contain metal ions in their active sites.3, 4 Understanding and 

mimicking these enzymes still represents a challenge for chemists.  A variety of different 

synthetic catalysts for hydrolysis of DNA and corresponding model substrates have been 

reported, usually based on lanthanide5, 6 or transition metal ions like Cu(II), Ni(II), Co(II) and 

Zn(II).7-10 Although Zn(II) ions were occasionally reported to be less efficient, they are the 

choice of hydrolytic enzymes. Therefore, the design of zinc-based catalysts for 

phosphodiester hydrolysis is a favorable biomimetic strategy.11, 12 Covalent connection of 

two or more Zn(II)-catalytic centers by a defined spacer has allowed to achieve higher 

catalytic rates for the cleavage of non-activated phosphate ester bonds, than those observed 

only for a single Zn(II)-center.11  Combination of catalytic centers through non-covalent 

interactions in a metallomicelle13-16 as well as immobilization on polymer supports17, 18 or on 

nanoparticles19 are other successful strategies to increase hydrolytic activity.20, 21 

Results and Discussion 

We report here self-assembled catalytic systems, which are able to promote the hydrolysis of 

both native DNA and activated model substrates. The catalysts are based on amphiphilic 

derivatives of the Zn(II)-complex of 1,4,7,10-tetraazacyclododecane, which was previously 

found to promote the hydrolytic cleavage of phosphodiester substrates.22 In buffered 

aqueous solution the amphiphilic catalysts Zn1 and Zn22 spontaneously assemble either into 

homomicelles or into vesicular membranes if mixed with a suitable lipid component like 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC; Scheme 1). 

Syntheses and preparation procedures have been previously described by us23, 24 or are given 

in the Supporting Information (SI). A series of mono- and bis-cyclen-based zinc complexes 

(Zn1 - Zn25) have been tested for the hydrolysis of the simple DNA model substrate bis-(4-

nitrophenyl) phosphate (BNPP) in the pH range from 7 to 9 by following the absorption 

(Abs) increase of released nitrophenolate (NP) at 408 nm.22 We have employed our 

amphiphilic catalyst derivatives as micellar and vesicular solutions by adding them to 1 - 10 

mM solutions of BNPP and recorded kinetics using an initial slopes method in TRIS buffer 
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(50 mM) at a slightly basic pH of 8.0, as these are common conditions for DNA hydrolysis 

experiments and allow a comparison of rate constants with reported values and in HEPES 

buffer (25 mM) at neutral pH (7.4), which renders the hydrolysis conditions more 

challenging. 
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Scheme 1. (Amphiphilic) Zn(II)-complexes and vesicular/micellar catalyst systems. 

 While at pH 8 Zn24 represents one of the most active Zn(II) complexes for this reaction,16 we 

observed that hydrolytic rates are exceeded by more than four orders of magnitude using 

Zn22 micelles (at 2.3 mM BNPP and 0.045 mM Zn22; Table 1)25. The rate constant for 

Zn1-micelles under these conditions is one order of magnitude lower. However, compared 

to Zn3 as reference the micellar system outperforms the unimolecular catalyst by seven 

orders of magnitude at identical experimental conditions. At pH 7.4 Zn1-micelles give about 

the same rate constants as at pH 8 whereas the rate constant of Zn22-micelles drops by 

about one order of magnitude. As a result both micellar catalysts give similar k2-values 

under these conditions and still show a remarkable promotion of BNPP hydrolysis, whereas 

the unimolecular complexes Zn3 and Zn24 are not able to produce significant amounts of NP 

here. 

After observing the remarkable rate increases for the micellar catalysts we used the 

amphiphilic zinc complexes in vesicular catalysts optimizing a number of parameters: We 

prepared vesicles in sizes ranging from about 60-150 nm and compared their rate constants 

which turned out to be all in the same order of magnitude however the maximum activity 

was obtained at about 100 nm (see SI, Table S3 and Figure S12). As a result we used these 
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for all further experiments. Next we varied particle composition in terms of Zn(II)-content of 

the DSPC vesicle membrane. The peak activity here was found at loading levels of 10 mol% 

Zn22 as shown by pseudo-first order rate constants kobs in Table S2. Higher amounts of metal 

complexes lead to increasing particle destabilization (indicated by DLS, size exclusion 

experiments and shifted emission wavelengths, cf. Figure S4) and reduced catalytic 

efficiency. Generally best results were achieved at BNPP concentrations of 2.3 mM and 0.02 

equivalents of Zn(II) (see also Figures S7 and S8). At these conditions the vesicular catalysts 

derived from Zn1 and Zn22 yielded second order rate constants in the same order of 

magnitude as the Zn1- and Zn22-micelles (Table 1). 

Entry Catalyst T (° C) pH k2 (M-1 s-1) krel Ref 

1 OH- 35 7 2.4 x 10-5 1 20a 

2 
Zn1-vesicles 
(DSPC / Zn1 9:1) 

25 8 1.5 n.d. a) 

3 
Zn1-vesicles 
(DSPC / Zn1 9:1) 

25 7.4 1.8 75000 a) 

4 
Zn22-vesicles 
(DSPC / Zn22 9:1) 

25 8 24 n.d. a) 

5 
Zn22-vesicles 
(DSPC / Zn22 9:1) 

25 7.4 9.4 391667 a) 

6 Zn1-micelles a) 25 8 7.9 n.d. a) 

7 Zn1-micelles a) 25 7.4 7.4 308333 a) 

8 Zn22-micelles a) 25 8 68 n.d. a) 

9 Zn22-micelles a) 25 7.4 7.9 329167 a) 

10 Zn3 25 8 6.3 x 10-7 n.d. 11 

11 Zn3 25 7.4 - b) - b) a) 

12 Zn24 25 8 1.3 x 10-3 n.d. 11 

13 Zn24 25 7.4 - b) - b) a) 

14 Zn(II)-micelles 35 10 4.3 x 10-4 n.d. 7a 

15 Zn(II)-MPGNs 40 7 1.5 62500 9 

16 Ce(IV)-micelles 37 7 0.6 25000 20b 

17 Ce(IV)-MPGNs 40 7 0.93 38750 20b 

Table 1. Second order rate constants (k2) for BNPP hydrolysis at neutral pH and 25 °C unless otherwise stated 
and second order rate constants relative to the hydroxide promoted reaction (krel). a) This work; b) Below detection 
limit. 

All kinetic data showed excellent reproducibility (cf. Figure S16) and control experiments 

with pure DSPC vesicles containing no metal complexes and buffer solution were performed 

to determine background hydrolysis. No significant amounts of the hydrolysis product 

nitrophenolate could be detected here (Figure S15). 

We explain the dramatically increased reaction rates of our self-assembled catalyst systems 

by the high local concentration of coordinated Zn(II) ions either in the metallomicelles or in 
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tightly packed domains of metal complexes embedded in the bilayer membranes26 and the 

decreased polarity27 at the vesicle bilayer-water interface, which can be compared to 

MeOH/CHCl3-mixtures (SI, Figure S5) and therefore facilitates a nucleophilic attack of the 

phosphodiester substrate compared to bulk water. Despite the high reaction rates however 

no complete conversion of the BNPP substrate could be achieved by micelles or vesicles as 

indicated by the saturation Abs values and the produced NP equivalents (see also SI). 

Although this was not observed in the previous studies with Zn3 and Zn24 product inhibition 

might explain limited turnovers as much lower amounts of Zn2+ (0.02 eq.) were used for 

micellar and vesicular catalysis compared to the unimolecular complexes which were usually 

employed stoichiometrically.22 A high excess of BNPP and NP(P) might replace counterions 

(like reactive OH-) in the surrounding layer of the densely packed Zn2+ aggregates and 

therefore reduce their catalytic activity or even lead to particle destabilization due to charge 

neutralization (cf. Figure S9). 

 

 

Figure 1. Agarose gel (0.7%) electrophoresis of pBR322 (100 ng per lane) vs. Zn22-vesicles (1 x 10-4 M) incubated 
at 40 °C at pH 7.4 for (a) 0 h (b) 4 h (c) 11 h (d) 24 h (e) 33 h (f) 38 h (g) 42 h (h) 48 h. 

The high hydrolysis rates observed with the activated phosphate diester BNBP encouraged 

us to expand the study to the hydrolysis of less activated oligonucleotides. pBR322 plasmid 

DNA is a widely used test substrate for artificial hydrolases. The dsDNA is transformed by 

strand cleavage from its initial supercoiled strained form (I) into its relaxed circular form (II) 

and further on to its open linear form (III). All forms are distinguishable by agarose gel 

electrophoresis.28, 29 Supercoiled pBR322 (100 ng) with a size of 4.3 kb was incubated with 

Zn22-vesicles (1 x 10-4 Zn(II)) at pH 7.4 and 40 °C for different periods of time before the 

reactions were stopped with an excess of SDS and EDTA. The obtained samples were then 

separated on agarose mini gels (0.7% w/w) and stained with ethidium bromide. As shown in 

Figure 1, the supercoiled DNA form (I) is completely degraded with increasing incubation 

times of up to 38 h. However it is not only transformed to forms II/III, but also to smaller 

DNA fragments (IV) with a size of approximately 2.0 kb30 corresponding to about half the 

size of the plasmid. The band of these fragments appears on the gel even before the bands 

of form II/III indicating that double-strand cleavages take place. The cleavage is not selective 

a)        b)   c)         d)   e)         f)             g)    h) 

II / 
III 
 
 
I 
 

IV 
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and all bands broaden with progressing incubation times; after 24 h all four forms are 

present. The bands become subsequently weaker with time and convert into a smear 

around band IV. Such degradation is remarkable under these conditions and usually only 

reported for oxidative degradation conditions.31 Control experiments using vesicles without 

Zn22 and only buffer solution showed that the supercoiled DNA remained stable under the 

otherwise unchanged experimental conditions. Additionally, separate samples of the 

vesicular catalysts were applied to the gels without DNA to exclude the occurrence of 

fluorescent bands by vesicle-ethidium bromide interactions (Figure S18). 

 

Figure 2. Emission increase of TaqMan® probe (1 x 10-8 M) incubated with Zn24, Zn22-vesicles and -micelles 
(1 x 10-5 M Zn(II)) and buffer only at 40 °C and pH 8.0 for 24 and 72 h. Inset: Kinetics for Zn22-vesicles and 
background hydrolysis for comparison. 

After observing high hydrolysis rates for BNPP and on strained plasmide dsDNA we tested 

our catalytic systems on a single-stranded oligonucleotide as a more challenging substrate. 

We chose the commercially available TaqMan® probe consisting of a 24mer oligonucleotide 

with the random sequence CAAGTTTGACCAAGTCACAACGGC and a 5’ fluorescence label 

(FAM; λexc = 495 nm, λem = 520 nm) and 3’ quencher (BHQ-1 λmax = 534 nm). The intact probe 

shows only very weak fluorescence intensity, but upon its cleavage at an arbitrary site the 

effect of the quencher on the fluorophore diminishes and an increasing emission intensity 

can be monitored. For our hydrolysis assay this probe (10-8 M) was incubated with Zn22-

micelles and -vesicles at 40 °C for increasing periods of time. The reactions were stopped by 

addition of SDS and EDTA and fluorescence emission intensities at 520 nm were recorded 

and plotted against incubation time as shown in Figure 2 (inset). In contrast to the results 

for BNPP the vesicular catalysts of Zn22 clearly outperformed the micellar catalyst, which 

gave only a small enhancement over background hydrolysis similar to the monomeric water-

soluble complex Zn23 illustrated by the comparison of a FAM emission increase after 24 and 

72 h. According to the saturation fluorescence of the vesicular kinetics it was assumed that 

about 75%32 of the probe molecules have been cleaved at least at a single site which is 
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remarkable for a stable non-activated phosphodiester substrate. As control the kinetics were 

again repeated with pure DSPC vesicles and buffer solution which resulted in no 

fluorescence increase compared to background reaction. 

The better performance of vesicles compared to micelles in the catalysis of polyphosphates 

may be explained by multivalence effects resulting in a higher substrate affinity of the 

vesicular catalyst. This hypothesis is supported by the much higher affinity of fructose-1,6-

bisphosphate, used as a non-hydrolysable model substrate, to coumarin-labeled amphiphilic 

Zn(II)-complex Zn25 (10-5 M in HEPES) if embedded in DSPC vesicles (10 mol% Zn25) 

compared to homomicelles. Its attached fluorescence label previously allowed the direct 

observation of phosphate ion binding to the zinc complex in a vesicular environment by 

emission quenching23 and is assumed to respond in a similar way if assembled in micelles 

(see SI, Figure S20 left). Emission titrations with fructose-1,6-bisphosphate revealed a 

binding constant towards the vesicles in the micromolar range,23 while no significant zinc-

phosphate coordination could be detected in micelles under these conditions (Figure S20 

right). 

Micellar and vesicular catalysts that promote the hydrolysis of phosphate esters were self-

assembled from amphiphilic Zn(II)-cyclen complexes and commercial lipids. The approach 

avoids laborious synthesis to covalently connect multiple catalytic centers or attaching them 

to polymers or nanoparticles. Vesicles with embedded domains of dinuclear Zn(II) complexes 

showed a remarkable promotion of phosphodiester cleavage reactions. Although substrate 

conversion is limited here due to considerable product inhibition the highest so far reported 

activities for Zn(II) based catalysts in terms of second order rate constants for the hydrolysis 

of BNPP at neutral pH and 25 °C were observed, exceeding even those of lanthanide 

complexes.33, 34 pBR322 plasmid DNA is readily degraded by double strand cleavage, which is 

difficult to achieve with non-enzymatic catalysts.11 The catalytic vesicles also considerably 

enhance the cleavage of a non-activated single-strand oligonucleotide compared to 

background reaction control. 

Conclusion 

In conclusion, vesicles with embedded metal complexes as catalytic active sites show a 

remarkable catalytic performance in phosphodiester hydrolysis although turnover numbers 

need to be improved to enable an effective applicability of these systems. Their preparation 

however is easy and very versatile which greatly facilitates further performance tuning in 

future studies. In particular the hydrolysis of non-activated oligophosphates is promoted, 

which might be due to the presence of dense clusters of bis-Zn(II) cyclen complexes as 

catalytic centers on the vesicle surface. Mechanistic details will also be investigated further. 

Combining such catalytically active sites with binding sites for sequence recognition by co-
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embedding might pave the way to functionalized vesicles, which are able to discriminate in 

their hydrolysis between different substrates or target specific DNA sequences mimicking 

the properties of hydrolytic enzymes more closely. 

 

Experimental Part and Supporting Information 

Methods and Material 

General 

Phospholipids were purchased from Avanti Polar Lipids Inc., pBR322 DNA and the 1 kb DNA 

Ladder molecular weight standard from New England Biolabs Inc. and the TaqMan® probe 

from BioCat. Commercially available starting materials and solvents of standard quality were 

used without any further purification if not stated otherwise. Optional purification steps 

were performed according to accepted general procedures.35 Thin layer chromatography 

(TLC) analyses were performed on silica gel 60 F-254 with a 0.2 mm layer thickness with 

detection via UV light at 254 nm / 326 nm or through staining with ninhydrin in EtOH. 

Column chromatography was performed on silica gel (70–230 mesh) from Merck. Melting 

Points were determined on Büchi SMP or a Lambda Photometrics OptiMelt MPA 100. 

Recorded with a Bio-Rad FTS 2000 MX FT-IR and Bio-Rad FT-IR FTS 155. Varian CH-5 (EI), 

Finnigan MAT 95 (CI; FAB and FD), Finnigan MAT TSQ 7000 (ESI). Xenon served as ionisation 

gas for FAB. Elemental analyses were carried out by the centre for chemical analysis of the 

Faculty of Chemistry and Pharmacy at the University of Regensburg. 

NMR Spectra 

Bruker Avance 600 (1H: 600.1 MHz, 13C: 150.1 MHz, T = 300 K), Bruker Avance 400 (1H: 

400.1 MHz, 13C: 100.6 MHz, T = 300 K), Bruker Avance 300 (1H: 300.1 MHz, 13C: 75.5 MHz, T 

= 300 K). The chemical shifts are reported in δ [ppm] relative to external standards (solvent 

residual peak). The spectra were analyzed by first order, the coupling constants are given in 

Hertz [Hz]. Characterization of the signals: s = singlet, d = doublet, t = triplet, q = quartet, m 

= multiplet, bs = broad singlet, psq = pseudo quintet, dd = double doublet, dt = double 

triplet, ddd = double double doublet. Integration is determined as the relative number of 

atoms. Assignment of signals in 13C-spectra was determined with DEPT-technique (pulse 

angle: 135 °) and given as (+) for CH3 or CH, (–) for CH2 and (Cq) for quaternary Cq. Error of 

reported values: chemical shift: 0.01 ppm for 1H-NMR, 0.1 ppm for 13C-NMR and 0.1 Hz for 

coupling constants. The solvent used is reported for each spectrum. 
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Absorption and Emission Spectroscopy 

Fluorescence spectra were recorded on a ‘Cary Eclipse’ fluorescence spectrophotometer and 

absorption spectra on a “Cary BIO 50” UV/VIS/NIR spectrometer from Varian. All 

measurements were performed in 1 cm quartz cuvettes (Hellma) and UV-grade solvents 

(Baker or Merck) at 25 °C. 

Dynamic Light Scattering 

PCS measurements were performed on a Malvern Zetasizer Nano ZS at 25 °C using 1 cm 

disposable polystyrene cuvettes and automatically optimized settings. 

 

Synthesis of amphiphilic mononuclear Zn(II)-cyclen 

The protected mono-cyclen amine 9 was prepared according to literature known 

procedures36 and allowed to form the amide with stearic acid using TBTU and HOBt as 

activation reagents in a dry DMF / THF solvent mixture. Cleavage of the Boc-groups by HCl 

saturated ether, subsequent deprotonation by basic anion exchanger resin and complex 

formation by treatment with one equivalent Zn(ClO4)2 gave the amphiphilic mononuclear 

Zn(II)-cyclen Zn1. 

 

Scheme S1. Synthesis of Zn1: (a) Boc2O, DCM, RT, 3 h; (b) bromoacetonitrile, K2CO3, MeCN, 80 °C, 20 h; (c) 
H2/Raney Ni, EtOH/NH3, RT, 20 bar, 48 h; (d) stearic acid, TBTU, HOBt, DIPEA, DMF / THF, 40 °C, 3 h; (e) HCl / 
ether, DCM o/n, basic ion exchanger resin; (f) Zn(ClO4)2, MeOH, 65 °C, 19 h. 
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10-(2-Octadecanoylamino-ethyl)-1,4,7,10 tetraaza-cyclododecane-1,4,7-

tricarboxylic acid tri-tert-butyl ester (10) 

Stearic acid (170 mg, 0.60 mmol), DIPEA (412 µL, 2.39 mmol), TBTU (211 mg, 0.66 mmol), and 

HOBt (101 mg, 0.66 mmol) were dissolved under nitrogen atmosphere in dry DMF (4 mL) 

under ice cooling and stirred for 1 h. Subsequently amine 9 (308 mg, 0.60 mmol) dissolved in 

DMF was added. The reaction was allowed to warm to room temperature and was 3 h at 

40 °C. The reaction progress was monitored by TLC (EE). After completion of the reaction 

the solvent was removed and the crude product was purified by flash column 

chromatography on flash silica gel (EE; Rf = 0.45) yielding compound 10 (320 mg, 0.41 mmol, 

68%) as a colourless oil. 1H-NMR (400 MHz; CDCl3): δ (ppm) = 0.86 (t, 3J = 7.0 Hz, 3 H, HSQC, 

COSY: C1H3), 1.18-1.31 (m, 28 H, HSQC, COSY: C2H2-C15H2), 1.43 (s, 9 H, HSQC: C28H3), 1.45 (s, 

18 H, HSQC: C25H3), 1.54-1.66 (m, 2 H, HSQC, COSY: C16H2), conformational isomers: 2.16a, 

2.29b (t, 3Ja = 8.0 Hz, 3Jb = 7.6 Hz, 2 H, HSQC, COSY: C17H2), 2.63 (bs, 6 H, HSQC, COSY: C22H2; 

HSQC, COSY: C21H2), 3.24-3.59 (m, 14 H, HSQC, COSY: C22H2; HSQC, COSY: C20H2), 6.28 (bs, 1 H, 

HSQC: NH19). – 13C-NMR (100 MHz; CDCl3): δ (ppm) = 14.1 (+, 1 C, HSQC, COSY: C1H3), 

assignment: 22.6 (–, 1 C), 29.30 (–, 1 C), 29.37 (–, 1 C), 29.50 (–, 1 C), 29.60 (–, 2 C), 29.62 (–, 1 

C), 29.65 (–, 6 C), 31.9 (–, 1 C), HSQC, COSY: C2H2-C15H2), 25.7 (–, 1 C), HSQC, COSY: C2H2-

C15H2), 28.5 (+, 6 C, HSQC, COSY: C16H2), 28.6 (+, 3 C, HSQC: C28H3), conformational isomers: 

33.9 b, 36.5a (–, 1 C, HSQC, COSY: C17H2), 36.5 (–, 1 C, HSQC, COSY: C21H2), 48.1 (–, 4 C, HSQC, 

COSY: C16H2), 49.9 (–, 2 C, HSQC, COSY: C16H2), 52.7 (–, 1 C, HSQC, COSY: C20H2), 55.0 (–, 1 C, 

HSQC, COSY: C16H2), 55.6 (–, 1 C, HSQC, COSY: C16H2), 79.6, 79.8 (Cq, 3 C, HSQC, HMBC: C24, 

C27), 155.4 (Cq, 1 C, HSQC, HMBC: C26), 156.2 (Cq, 2 C, HSQC, HMBC: C23), conformational 

isomers: 173.5a, 175.9b (Cq, 1 C, HSQC, HMBC: C18). – IR (ATR) [cm-1]: ν~ = 2922, 2850, 1689, 

1460, 1416, 1365, 1248, 1156, 1019, 772. – MS (ESI(+), EE/MeOH + 10 mmol/L NH4Ac): 

m/z (%) = 782.7 (100) [MH+]. – HRMS Calcd for C43H83N5O7 779.6136; Found: 779.6123. – 

MF: C43H83N5O7 – FW: 782.16 g/mol 
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Octadecanoic acid [2-(1,4,7,10 tetraaza-cyclododec-1-yl)-ethyl]-amide (11) 

Compound 10 (246 mg, 0.31 mmol) was dissolved in dichloromethane (4 mL) and cooled to 

0 °C. Subsequently 6.3 mL HCl / ether were added and the solution was stirred for 20 h at 

room temperature. The solvent was removed in vacuum yielding the protonated 

hydrochloride of compound 10 quantitative as a colourless solid. To obtain the free base of 

compound 10 a strong basic ion exchange resin was swollen for 15 min in water/MeOH (8:2) 

and washed neutral with water. A column was charged with resin (3.5 ml, 40.0 mmol 

hydroxy equivalents at a given capacity of 0.9 mmol/mL). The hydrochloride salt was 

dissolved in a mixture of MeOH/water (8:2), put onto the column and eluated with the same 

solvent mixture. The elution of the product was controlled by pH indicator paper (pH > 10) 

and was completed when pH again was neutral. The eluate was concentrated and 

lyophilized to yield quantitatively 149 mg (0.31 mmol) of free base 10, as colourless 

hygroscopic solid. MP: 148 – 150 °C. – 1H-NMR (300 MHz; CDCl3): δ (ppm) = 0.84 (t, 3J = 6.7 

Hz, 3 H, C1H3), 1.22 (m, 28 H, C2H2-C15H2), 1.59 (m, 2 H, C16H2), 2.17 (t, 3J = 7.4 Hz, 2 H, C17H2), 

2.36-3.67 (m, 20 H, C20H2, C21H2, C22H2), 6.78 (bs, 1 H, NH19). – 13C-NMR (75 MHz; CDCl3): δ 

(ppm) = 14.1 (+, 1 C, CH3), 22.7, 25.8, 29.35, 29.49, 29.56, 29.66, 29.70, 31.9 (–, 14 C, CH2), 36.7 

(–, 1 C, CH2), 37.5 (–, 1 C, CH2), 45.4 (–, 2 C, CH2), 46.1 (–, 2 C, CH2), 47.2 (–, 2 C, CH2), 51.5 (–, 2 

C, CH2), 53.8 (–, 2 C, CH2), 173.6 (Cq, 1 C, RCONHR`). – IR (ATR) [cm-1]: ν~ = 2916, 2850, 1644, 

1546, 1466, 1350, 1276, 812, 718. – MS (ESI(+), EE/MeOH + 10 mmol/L NH4Ac): 

m/z (%) = 482.4 (100) [MH+], 262.1 (50) [M + 2 H+ + MeCN]2+, 241.1 (50) [M + 2 H+]2+. – HRMS 

Calcd for C28H59N5O 482.4798; Found: 482.4785. – MF: C28H59N5O – FW: 481.82 g/mol 

 

 

Amphiphilic mononuclear Zn(II)-cyclen (Zn1) 

Compound 11 (50 mg, 0.10 mmol) was dissolved in 1 mL MeOH and heated to 65 °C to get a 

clear solution. Subsequently zinc(II)-perchlorate (44 mg, 117 µmol) dissolved in 1 ml MeOH 

was added slowly to the stirred reaction mixture. The reaction mixture was stirred for 

additional 19 h at 65 °C. The solvent was removed in vacuum and the residue was 

redissolved in water and lyophilized to yield 77 mg (0.10 mmol, 100%) of Zn1 as a lightly 
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brownish solid. MP: 161 °C. – 1H-NMR (600 MHz; CDCl3 / CD3OD 1:1): δ (ppm) = 0.58 (t, 

3J = 7.1 Hz, 3 H, HSQC, COSY: C1H3), 0.93-1.06 (m, 28 H, HSQC, COSY: C2H2-C15H2), 1.26-1.36 

(m, 2 H, HSQC, COSY: C16H2), 2.03 (t, 3J = 7.8 Hz, 2 H, HSQC, COSY: C17H2), 2.45-2.58 (m, 8 H, 

HSQC, COSY: cyclen-CH2), 2.59-2.73 (m, 8 H, HSQC, COSY: cyclen-CH2), 2.75-2.87 (m, 2 H, 

HSQC, COSY: C20H2), 3.15 (t, 3J = 5.0 Hz, 2 H, HSQC, COSY: C21H2), 3.65 (bs, 1 H, HSQC: NH), 

4.24 (bs, 2 H, HSQC: NH). – 13C-NMR (150 MHz; CDCl3): δ (ppm) = 13.2 (+, 1 C, HSQC, COSY: 

C1H3), 22.1, 28.65, 28.73, 28.94, 29.08, 31.3(–, 14 C, HSQC, COSY: C2H2-C15H2), 25.0 (–, 1 C, 

HSQC, COSY: C16H2), 35.6 (–, 1 C, HSQC, COSY: C17H2), 36.4 (–, 1 C, HSQC, COSY: C21H2), 42.0 (–, 

1 C, HSQC, COSY: cyclen-CH2), 43.4 (–, 2 C, HSQC, COSY: cyclen-CH2), 44.0 (–, 1 C, HSQC, 

COSY: C20H2), 44.1 (–, 1 C, HSQC, COSY: cyclen-CH2), 50.9 (–, 2 C, HSQC, COSY: cyclen-CH2), 

51.0 (–, 1 C, HSQC, COSY: cyclen-CH2), 53.7 (–, 1 C, HSQC, COSY: cyclen-CH2), 178.2 (Cq, 1 C, 

C18). – IR (ATR) [cm-1]: ν~ = 2917, 2850, 1647, 1625, 1467, 1076, 720, 622. – MS (ESI(+),MeOH + 

10 mmol/L NH4Ac): m/z (%) = 544.4 (100) [M2+ – H+]+. – HRMS Calcd for C28H58N5O [M2+ - H+]+ 

544.3933; Found: 544.3921. – MF: [C28H59N5OZn] (ClO4)2. – FW: 746.09 g/mol 

 

Micellar catalysts 

 

 

Figure S1.Typical surface tension isotherm for Zn(II)-complexes in aqueous solution (here Zn25). 
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Figure S2. Size distribution data (mean diameters in nm) for micellar (10-3 M) Zn22 (left) and Zn25 (right). The 
radius of the main population is in good agreement with the length of the monomeric amphiphiles (~3 nm for 
Zn22 and ~4 nm for Zn25). 

 

Vesicular catalysts 

Preparation 

In small glass reaction vessels 1 - 5 µmol of phospholipid(s) were dissolved in chloroform and 

optionally 1-25 mol% of dissolved amphiphilic metal complexes (Zn1, Zn22, Zn25) or dye (12) 

were added and mixed. The solvent was completely removed at 75˚C under reduced 

pressure and an appropriate amount of buffer (25 mM HEPES, pH 7.4 or 50 mM TRIS, pH 8.0) 

was added to obtain lipid concentrations of 1 - 2 mM. Heating to 75 °C and vigorous 

shaking for 5 - 15 minutes yielded a turbid multi-lamellar vesicle suspension. Small uni-

lamellar dispersions were obtained by extrusion through polycarbonate membranes with a 

defined pore size (50 - 800 nm) by using a LiposoFast liposome extruder from Avestin.37 

Vesicle size distributions were determined using Dynamic light scattering (DLS). The 

standard size distribution of species obtained after extrusion through 100 nm membranes is 

shown in Figure S3. 

 

Figure S3. Typical DLS data for vesicles extruded through 100 nm membranes. 
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Catalyst concentration 

For all vesicular catalysts the receptor concentration refers to the outer surface exposed 

binding sites, as only these should be reactive, with the assumption that embedded 

compounds distribute equally in both layers of the vesicle membrane.38 The ratio of active 

Zn-containing catalytic sites on outer and inner surface were assumed to be 1:139 with the 

assumption that the bilayer thickness for the prepared vesicles amounts to 5 nm.40, 41 

 

Size exclusion chromatography (SEC) 

In order to remove low molecular weight solutes vesicles can be purified by size exclusion 

chromatography via small spin columns.42 For this Sephadex LH-20 SEC medium was swollen 

in buffer solution prior to use. 5 mL bed volume per mL vesicle suspension was transferred 

into a small plastic syringe with filter support and removed plunger and the solvent 

removed by centrifugation (Eppendorf bench top centrifuge, 15 s at 4400 rpm). Vesicle 

solutions were added onto the column and recovered by subsequent centrifugation. 

  

Figure S4. Fluorescence emission spectra of Zn25-vesicles before and after SEC column: At low loading levels 
(5 mol%) of Zn25 the metal complexes are nearly quantitatively embedded in the vesicle membranes and as a 
result passed through the separation medium (left). High loading levels (25 mol%) however result in residual 
lower molecular Zn25 which is removed during SEC as indicated by the decreased emission (right). 

 

Investigation of the polarity of a vesicle-water interface 

The amphiphilic dansyl dye 12 was prepared according to a literature known procedure43 

and imbedded in DSPC vesicles. The fluorescence of the vesicles and solutions of the dye in 

different solvents were measured and compared to determine the relative polarity of the 

vesicle bilayer-water interface. 

before SEC 

after SEC 

before SEC 

after SEC 

5 mol% 25 mol% 
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Figure S5. Polarity-sensitive dansyl dye 12 and its emission spectra in vesicular solution and different (organic) 
solvents. 

To assure that compound 12 is actually located in close proximity to the polar lipid 

headgroups and not “buried” inside the hydrophobic core of the membrane we have also 

prepared vesicles from lipids with modified headgroups: zwitterionic 1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC), cationic 1,2-stearoyl-3-trimethylammonium-propane 

(DSTAP) and anionic 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-350] (DSPEG). As shown in Figure S6 these headgroup 

modifications directly affect the emission properties of the dansyl dye. As a result it can be 

assumed that 12 is really located at the vesicle membrane-water interface similarly to the 

metal complexes used for the hydrolysis studies. 

 

 

Figure S6. Emission properties of dansyl dye 12 (5 mol%) embedded in DSPC- (red), DSTAP- (green) and DSPEG-
vesicles (blue trace). Changing the charged lipid headgroups results in a blue- (DSTAP) or red-shift (DSPEG) of the 
emission maximum by 10 - 12 nm. 
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BNPP kinetics 

Reaction conditions 

Rate constants were determined using 2.3 mM BNPP solutions and a total Zn(II)-

concentration of 4.5 x 10-5 M (0.02 eq). The measurements were performed in 25 mM HEPES 

buffer (pH 7.4) or in 50mM TRIS buffer (pH 8.0) at 25 °C. Kinetic data was corrected for 

spontaneous hydrolysis (background reaction) and evaluated with OriginLab Origin and 

Microsoft Excel software. All observed rate constants were determined by initial slopes 

method.22 

Optimization of substrate and catalyst concentrations 

 

Figure S7. Optimizing conditions for BNPP hydrolysis: BNPP concentration vs. pseudo-first order rate constants. 

 
 

 

Figure S8. Kinetic traces showing highest NP production for 20 - 50 eq. of BNPP (in relation to Zn(2) complexes). 

 



 

 

 

 129 

5 Vesicles and Micelles from Amphiphilic Zn(II)-cyclen Complexes as Highly Potent Promoters of Hydrolytic 
DNA Cleavage 

  

Figure S9. DLS data: Vesicles are stable during hydrolytic reactions for 20 eq. of BNPP (left), high amounts of 
BNPP (> 200 eq.) however cause vesicle destabilization and aggregation (right). 

 

Catalytic activity of vesicles with different loading levels of Zn22 

mol% of ZnII [ZnII] (M) kobs (s-1) STDV (s-1) a) kobs (s-1M-1) Eq. of NP b) 

1% 4.59E-06 - c) 
  

 

2.5% 1.15E-05 0.001665 0.0001 145 0.27 

5% 2.30E-05 0.000683 0.00006 30 1.61 

10% 4.58E-05 0.00351 0.0007 77 1.28 

15% 6.87E-05 0.002625 0.00005 38 0.15 

20% 9.16E-05 0.0026325 0.00017 29 0.44 

Table S10. Comparison of vesicular catalysts containing different amounts of Zn22 amphiphiles (in mol% of total 
vesicular lipid) by initial nitrophenolate production. a) Standard deviation calculated from three identical 
experiments; b) After 200 seconds; c) Below detection limit. 

 

Catalytic activity of vesicles with different size 

Several Zn22 / DSPC-vesicles (ratio 1:9) of different sizes were tested for their promotion of 

BNPP hydrolysis. The reaction conditions here were chosen as following: [BNPP] = 2.3 mM, 

[Zn22] = 4.5 x 10-5 M, 25mM HEPES buffer at pH 7.4, 25˚C. 

Vesicle diameter (nm) kobs (s-1M-1) Eq. of NP 

61 17.0(1.5) 1.48 

93 76.8(6.80) 2.56 

128 42.4(4.83) 0.86 

156 64.6(5.44) 0.24 

Table S1. Rate constants (and initial nitrophenolate production after 200 seconds) obtained for vesicles of 
different size. 

 

20 eq. BNPP 220 eq. BNPP 



 

 

 

 
 130 

5 Vesicles and Micelles from Amphiphilic Zn(II)-cyclen Complexes as Highly Potent Promoters of Hydrolytic 
DNA Cleavage 

 

Figure S11. Observed rate constants of BNPP hydrolysis by Zn22-vesicles (Zn22:DSPC is 1:9): kobs (s-1) vs. [Zn22] in 
50mM TRIS buffer, pH 8.0, 25˚C.  

 

61 nm vesicles 93 nm vesicles 

  

 
128 nm vesicles 

 
156 nm vesicles 

  

Figure S12. DLS data of vesicles used for size-dependency measurements. 

 

 

 



 

 

 

 131 

5 Vesicles and Micelles from Amphiphilic Zn(II)-cyclen Complexes as Highly Potent Promoters of Hydrolytic 
DNA Cleavage 

Kinetic data for vesicles 

 

Figure S13. Changes in the absorption at 408 nm (accumulation of p-nitro-phenylphosphate) during the 
hydrolysis catalyzed by Zn22-vesicles (10 mol%) in 50 mM TRIS buffer at pH 8.0. 
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Figure S14. Changes in the absorption at 408 nm (accumulation of p-nitro-phenylphosphate) during the 
hydrolysis catalyzed by Zn22-vesicles (10 mol%) in 25 mM HEPES at pH 7.4. 
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Control experiments 

All kinetics were corrected for spontaneous background hydrolysis (buffer addition only) 

under the experimental conditions. Control experiments also included the addition of 

vesicles not containing any Zn(II)-complexes to assure that these do not promote the 

cleavage of BNPP. Both background hydrolysis and control vesicles however do not produce 

a significant signal under the experimental conditions (Figure S15). 

 

Figure S15. BNPP hydrolysis with Zn22-vesicles and control experiments. 

 

All kinetic measurements used for evaluation were repeated at least twice and found to 

show excellent reproducibility. Figure S16 exemplarily shows one kinetic curve with error 

bars (standard deviation) from three independent experiments. 

 

Figure S16. Average kinetic curve (red markers) for BNPP hydrolysis at pH 8.0 with standard deviation (black 
bars) derived from three independent measurements. 
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Kinetic data for micelles 

 

Figure S17. Observed rate constants for BNPP hydrolysis. (Left) Zn1-micelles: kobs (s-1) vs. [Zn1] in 25mM HEPES 
buffer, pH 7.4, 25˚C; (Right) Zn22-micelles: kobs (s-1) vs. [Zn22] in 50mM TRIS buffer, pH 8.0, 25˚C.  

 

Hydrolysis of pBR322 plasmide dsDNA  

All samples were incubated at 40 °C under stirring in 25 mM HEPES buffer (pH 7.4) and for 

workup treated with an excess of EDTA and SDS. The samples were mixed with 

bromophenol blue and glycerin and applied on agarose mini gels (0.7% w/w). 

Electrophoresis was performed in TAE buffer (pH 8.3, 55 V, 1.5 h) and bands stained with 

ethidium bromide and visualized under UV light. 

 

Figure S18. Control experiments for electrophoresis: Ethidium bromide staining of 0.7% (w/w) agarose gel with 
(a) Zn22-vesicles in absence of pBR322; (b) 75 ng pBR322; (c) 75 ng pBR322 incubated at 40 °C for 20 h; (d) 75 
ng pBR322 + Zn24 incubated at 40 °C for 20 h; (e) 75 ng pBR322 + control vesicles incubated at 40 °C for 20 h. 

 

Hydrolysis of TaqMan® probe 

All samples were incubated at 40 °C under stirring in 50 mM TRIS buffer (pH 8.0) and for 

workup treated with an excess of EDTA and SDS. Samples were diluted (10-8 M DLO) and 

emission spectra recorded (λexc = 495 nm, λem = 520 nm) and plotted against incubation time. 
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Figure S19. Vesicles were found to show no considerable aggregation in the presence of pBR322 (left) and 
TaqMan® probe (right) under the conditions used for the hydrolysis studies. 

 

Multivalence effect of vesicles vs. micelles for polyphosphate substrates 

We previously reported high affinity constants of vesicular Zn25 towards phosphate anions 

like pyrophosphate (PPi) and fructose-1,6-diphosphate.23 The binding especially of highly 

charged phosphate anions like (PPi) results in a considerable emission quenching of the 

fluorescent complexes here. We propose a similar mechanism for the Zn25-micelles and 

exemplarily demonstrated this by a titration with sodium pyrophosphate (PPi) which is 

known to have a very high affinity towards Zn25. PPi also binds to the Zn25-micelles as 

indicated by the considerable emission quenching (Figure S20 left). The addition of equal 

amounts of Fructose-6-diphosphate however was found to produce only a very small change 

in fluorescence intensity (Figure S20 right) so that only a very weak binding can be assumed 

here. As a result the vesicles exhibit a much higher affinity towards this non-hydrolysable 

model substrate than the micelles which might explain their superior performance in the 

hydrolysis of oligophosphates. 

 

Figure S20. Emission titration of Zn25-micelles with sodium pyrophosphate (PPi) (left) and fructose-1,6-
diphosphate (right). 
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SUMMARY 

This work describes the functionalization of biomimetic vesicle membranes by the 

incorporation of various synthetic amphiphiles. The presented approach enables rapid and 

simple development of bio-inspired nanomaterials for applications in biomolecule sensing 

and catalysis. 

Chapter 1 introduces the general concept of functional synthetic vesicle membranes and 

provides a brief overview about significant developments in this area. 

Chapter 2 describes synthesis and membrane-embedding of amphiphilic non-fluorescent 

and fluorescent Zn(II)-cyclen complexes for the recognition of phosphate anions. The 

obtained functionalized vesicles were characterized and finally employed for optical sensing 

and differentiation of phosphorylated proteins. 

Chapter 3 presents a novel approach for the design of modular chemosensors for small 

biomolecules. For this amphiphilic binding sites based on transition metal complexes and 

crown ethers as well as amphiphilic fluorescent dyes were synthesized and co-embedded in 

DSPC vesicle membranes. Initially formed dye-receptor clusters within the lipid bilayers are 

assumed to rearrange upon receptor-ligand interactions and as a result produce an emission 

response. Ligand selectivities and optical properties can be easily adjusted by simply 

changing the vesicle’s amphiphilic building blocks. 

In Chapter 4 fluid vesicle membranes are used for the dynamic recognition of multivalent 

ligands via receptor-recruiting. Two amphiphilic receptors with attached FRET-pair labels 

were prepared and embedded in DOPC vesicles. While energy transfer is low in the initial 

state of the particles a unique FRET signature is observed by the presence of a peptide 

ligand which binds to both receptor sites and brings the two fluorescence labels into close 

proximity. 

Chapter 5 finally demonstrates the use of metal complex-functionalized vesicles (and also 

micelles) as self-assembled catalyst systems. For the transition metal-mediated hydrolysis of 

phosphate esters it was shown that vesicular metal complexes based on Zn(II)-cyclen provide 

considerably enhanced reactivity towards the simple model substrate BNPP as well as stable 

substrates like plasmid DNA and single-stranded oligonucleotides compared to the 

analogous complexes in homogeneous aqueous solution. 
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ZUSAMMENFASSUNG 

In der vorliegenden Arbeit wurden selbstorganisierte, biomimetische Vesikelmembranen 

durch den Einbau neuer, synthetischer Amphiphile funktionalisiert. Diese Methode 

ermöglicht die schnelle und einfache Herstellung funktioneller Nanomaterialien für diverse 

Anwendungsgebiete wie z.B. Chemosensorik und Katalyse. 

Kapitel 1 stellt allgemeine Konzepte funktionaler, synthetischer Vesikel vor und gibt einen 

kurzen Überblick über relevante Arbeiten auf diesem Gebiet. 

Kapitel 2 beschreibt die Synthese nicht-fluoreszenter und fluoreszenter, amphiphiler 

Metallkomplexe basierend auf Zn(II)-cyclen und ihren Einbau in DSPC-Vesikelmembranen. 

Die erhaltenen Partikel wurden physikochemisch charakterisiert und auf ihre Eigenschaften 

bezüglich der molekularen Erkennung von biologisch relevanten Phosphatanionen 

untersucht. Optimierte lumineszente  Rezeptorvesikel konnten schließlich für den optischen 

Nachweis und zur Unterscheidung von phosphorylierten und nicht phosphorylierten 

Proteinen eingesetzt werden. 

In Kapitel 3 wird ein neuartiger Ansatz zur  Herstellung modularer Chemosensoren 

vorgestellt. Anstatt synthetische Rezeptoren als Bindungsstellen und Farbstoffe als 

Reportergruppen kovalent zu verknüpfen, wurden die einzelnen Komponenten in 

selbstorganisierte Vesikelmembranen eingebettet. Die Gegenwart entsprechender Liganden 

erzeugt eine Reorganisation membraninterner Rezeptor-Farbstoff-Cluster und somit eine 

Änderung der Emissionseigenschaften. Ligand-Selektivität und optische Antwort der 

Partikel können dabei schnell und einfach durch Austausch der Rezeptor- und Farbstoff-

Bausteine variiert werden. 

Kapitel 4 demonstriert die Erkennung multivalenter Liganden mittels dynamischer 

Rekrutierung von Bindungsstellen in fluiden Membranen. Dazu wurden zwei amphiphile 

Rezeptoren mit FRET-komplementären Fluoreszenzlabeln synthetisiert und in DOPC-

Membranen eingelagert. Im ursprünglichen Zustand der Partikel kann dabei, durch einen 

relativ großen mittleren Abstand, nur ein geringer Energietransfer beobachtet werden. Die 

Anwesenheit von Peptidliganden, die an beide Rezeptoreinheiten binden und somit die 

Farbstoffe in räumliche Nähe bringen, erzeugt jedoch eine spezifische FRET-Signatur. 

In Kapitel 5 wird ein Anwendungsbeispiel für den Einsatz funktionalisierter Vesikel als 

selbstorgansierte Katalysatorsysteme aufgezeigt. Für die Übergangsmetallkomplex-

vermittelte Hydrolyse von Phosphatestern konnte gezeigt werden, dass vesikuläre (sowie 

mizellare) Katalysatoren erheblich gesteigerte Reaktionsgeschwindigkeiten für den Umsatz 

des Modellsubstrats BNPP zeigen und selbst stabile Substrate wie Plasmid-DNA und 

Oligonukleotide umgesetzt werden können. 
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ABBREVIATIONS 

AES Atomic emisison spectroscopy 

AFM Atomic force microscopy 

Aq  Aqueous 

Ar Aryl 

Asp Aspartic acid 

ATP Adenosine triphosphate 

Bipy Bipyridine 

BNPP Bis(para-nitrophenyl)phosphate 

Boc  tert-Butyloxycarbonyl  

BSA Bovine serum albumin 

c Concentration 

C(M)S Coumarin-methyl-sulfonate 

calcd Calculated 

cAMP  Cyclic adenosine monophosphate 

Cbz Benzyloxycarbonyl 

CF Carboxyfluorescein 

CI Chemical Ionisation 

COSY Correlated spectroscopy 

cyclen  1,4,7,10-tetraazacyclododecane 

d Day(s) 

DAD  Diode array detector 

DCC Dicyclohexylcarbodiimide 

DCM  Dichloromethane  

DEA Diethylamine 

DET Diethylenetriammonium 

DIPEA  Diisopropylethylamine  

DLS Dynamic light scattering 

DMAP 4-(dimethylamino)-pyridine 

DMF  Dimethylformamide  

DMPC 1 2-Dimyristoyl-sn-Glycero-3-Phosphocholine 

DMSO  Dimethylsulfoxide  

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 

DP Di-picolyl 

Dpa Di-(2-picolyl)amine 

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

DSC Differential scanning calorimetry 
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DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine 

EA Ethylacetate 

EDC  N-(3-Dimethylamino-propyl)-N’-ethylcarbo-diimide 

EI-MS  Electron-impact ionization mass spectrometry  

eq Equivalents 

ES-MS  Electrospray ionization mass spectrometry  

Et Ethyl 

EtOAc Ethylacetate 

EtOH Ethanol 

FAB  Fast-Atom-Bombardment 

FAM Carboxyfluorescein 

FRET Fluorescence resonance energy transfer 

Glu Glutamic acid 

GTP Guanosine-5'-triphosphate 

h Hour 

HBTU  2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyl-uronium hexafluorophosphate  

hCA Human carbonic anhydrase 

HEPES N-2-Hydroxy-ethylpiperazine-N’-2-ethansulfonic acid 

His Histidine 

HOBt  Hydroxybenzotriazole  

HPLC High pressure liquid  

HRMS  High resolution mass spectrometry  

HSQC Heteronuclear single quantum coherence 

ICP Inductively coupled plasma 

IDA Iminodiacetic acid 

IR Infrared 

ITC Isothermal titration calorimetry  

J Coupling Constant 

LB Langmuir Blodgett 

Me Methyl 

MeCN Acetonitrile 

MeOH Methanol 

MF Molecular formula 

min Minutes 

MLV Multilamellar vesicles 

MP Melting point 

MW Molecular weight 

NEt3 Triethylamine 
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 Abbreviations 

NMR Nuclear magnetic resonance 

NOESY  Nuclear overhauser enhancement spectroscopy  

NTA Nitrilotriacetic acid 

o/n Over night 

PCS Photon correlation spectroscopy 

PE Petrol Ether (Hexanes) 

PEG Polyethylene glycol 

Ph Phenyl 

PMT Photo multiplier tube 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

PPi Pyrophosphate 

pSer Phosphorylated serine 

Rf Retention factor 

ROESY Rotating frame NOE spectroscopy 

rpm Rounds per minute 

RT Room temperature 

SAM Self assembled monolayer 

SEC Size exclusion chromatography 

SUV Small unilamellar vesicles 

TAMRA Tetramethylrhodamine 

TBTU O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate 

TEM Transmission electron microscopy 

Terpy Terpyridine 

TFA  Trifluoroacetic acid  

THF  Tetrahydrofuran  

TLC  Thin layer chromatography  

TMR Tetramethylrhodamine 

TRIS Tris(hydroxymethyl)-aminomethane 

UV Ultraviolett 

Vis Visible 

x Mole Fraction 
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