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An amphiphilic calix[6]arene, alone or complexed with an axle to form a pseudo-

rotaxane, has been embedded into liposomes prepared from 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphocholine (POPC) and the permeability of the membrane-

doped liposomes towards Cl- ions has been evaluated by using lucigenin as the 

fluorescent probe. The pseudo-rotaxane promotes transmembrane transport of Cl- 

ions more than calix[6]arene does. Surprisingly, the quenching of lucigenin was 

very fast for liposomes doped with the positively charged axle alone. Molecular 

dynamics (MD) simulations and quantum-chemical calculations were also carried 

out for providing a semi-quantitative support to the experimental results. 
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1. Introduction 

Transport of ions across the membrane is a fundamental process for living cells (1). 

Indeed, defects in the transmembrane ion transport mechanism can cause serious 

diseases and even lead to death (2, 3). This is the case of cystic fibrosis, caused by a 

mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) protein 

which is involved in the transport of chloride ions (4).  

While small, neutral, and hydrophobic molecules can pass the semi-permeable bilayer, 

ions cannot diffuse across the membrane and their transport must be assisted by carrier 

proteins or supramolecular channels made of protein subunits which self-assemble to 

form a pore across the bilayer, through which the ions can move in single lines. 

  Therefore, much of the research has been recently directed towards the engineering of 

artificial ion channels to discover new therapeutic strategies for the channelopathies 

caused by a dysregulated ion transport. 

A number of synthetic channels has been designed for the transmembrane 

transport of anions and most of them have been obtained by self-assembly of simple 

building units (5). For example, a synthetic chloride membrane transporter based on the 

association of two molecules of a heptapeptide has been developed and characterized by 

Gokel (6). Recently, Zeng et al. have described peptidic rod-like structures which 

oligomerize to form pores with high anion-transport activity (7). Self-assembled 

transmembrane anion channels have also been obtained by small-molecule fumaramides 

(8).  

Among the systems potentially useful as synthetic ionophores, calixarenes have 

recently gained considerable attention due to their fascinating properties. Indeed, the 

ability of calixarenes to form complexes with a large variety of compounds, both ionic 

and neutral species, has been well demonstrated so that their internal cavity can act as a 
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biomimetic filter. The most interesting aspect of the chemistry of calixarenes is that 

their properties can be easily tuned by introducing suitable functional groups on their 

upper and lower rim to optimize their use in a variety of applications, from molecular 

recognition (9) to drug carriers (10). Proper modifications in the basic structure of 

calixarenes have led to selective binding for anions (11), cations (12), and neutral 

species (13). Moreover, amphiphilic calixarenes can be prepared by introducing long 

alkyl chains which allow them to be inserted into lipid bilayers (14, 15). 

Although most of the studies on the ability of calixarenes to promote 

transmembrane transport were initially focused on the transport of cations (16-19), in 

particular Na+ and K+, interest has recently grown in their potential Cl- channel-like 

behaviour.   Studies have been reported on the ability of properly functionalized 

calix[4]arenes to form channels that show H+/Cl- symport activity (20-22). Lipophilic 

calix[4]arene amides in their cone conformation have been successfully used as mobile 

carriers to shuttle Cl- ions across lipid membranes (23). More recently, the formation of 

pores by hydrophobic ureido-calix[6]arene, which can promote transmembrane chloride 

transport across the lipid bilayer,  has been reported (24).  

Anion recognition and transport across membranes was generally achieved by 

electrostatic attraction and hydrogen bonding between anion and ionophore. Indeed, 

most synthetic anion transporters contain hydrogen bonding donors such as pyrrole (25-

27), amide or urea groups (21, 22, 28) or positively charged groups which can 

electrostatically attract the anions (20, 29, 30).  

Davis et al. have demonstrated that the hydrogen bond donor secondary amide 

group is necessary but non-sufficient to facilitate anion transport across bilayers as the 

compound’s conformation and its self-association properties are important for this 

function (31). Moreover, beside the classical hydrogen bonding, many studies have 
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demonstrated that the unorthodox non-covalent interaction between anions and electron-

deficient π systems could play a primary role to lower the energy barrier for selective 

anion transmembrane transport (32-35). Anion- interactions have been extensively 

studied computationally (36-38) and, recently, they have aroused considerable attention 

in the field of supramolecular chemistry. While the interaction between electron-rich 

aromatic rings and anions is thermodynamically disfavoured, the occurrence of non-

covalent binding mode between an anion and an electron-deficient aromatic ring has 

been demonstrated (39-41). A number of receptors able to bind anions through electron-

deficient arenes have been designed (42) and often additional attractive forces such as 

hydrogen bonding have been used to help the anion recognition (43). Based on this new 

type of non-covalent interaction, many artificial ion channel and carriers have been 

developed for an efficient anion transfer across lipid bilayers (34,35,44,45). 

Indeed, defining the relationship between the structure of the synthetic 

ionophore and its ability to facilitate the transport of anions appears to be of 

fundamental importance for understanding the complex mechanism of the process and 

this knowledge could allow designing the best system for the most efficient ion 

transport across membranes. Calixarenes are ideally suited to this task as they can be 

easily modified by adding proper functional groups as a part of the scaffold.  

Besides the direct ion/ionophore interaction, in some cases, also the 

ionophore/membrane interactions can explain the transmembrane passage of the ions. 

Recently, D’Errico et al. have explored the interactions of some artificial ionophores, 

i.e., PEGylated cyclic oligosaccharides (46) and guanosine-based amphiphiles (47) with 

DOPC:DOPG phospholipid membranes by DLS, electron spin resonance (ESR) and 

neutron reflectivity (NR) measurements. The Authors concluded that the ion transport 

across the membrane occurs through a non-specific mechanism related to the 
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perturbation of the bilayer induced by the ionophore insertion which leads to disorder of 

the lipid acyl chains and/or variation of the local polarity across the membrane.      

In this paper, we report on the Cl- transport activity of a calix[6]arene designed 

for obtaining an amphiphilic molecule in which long hydrophobic tails on the lower rim 

allow it to be inserted into lipid bilayers. Ureido groups have been introduced on the 

upper rim as hydrogen bonding donors to bind chloride ions and enable their transport 

as well as to match the phospholipid heads. Pyridine moieties were introduced on 

ureidic nitrogen atoms to provide anion- interactions. The structure of calix[6]arene 1 

is reported in Figure 1. Finally, the pseudo-rotaxane 2 of Figure 1 has been obtained by 

complexing calix[6]arene with the axle 3, a C12- alkyl chain bearing a styryl 

pyridinium group on one end and a viologen group on the other end.  

The obtained results have been compared with those achieved in a previous study 

performed on a tris-(N-phenylureido)calix[6]arene (24). 

Moreover, the changes in lipid bilayer properties, i.e., microviscosity, liposome 

dimension, surface charge and stability, induced by the incorporation of the guests, have 

been investigated. 

Molecular dynamics (MD) simulations and quantum-chemical calculations were 

also carried out for providing a semi-quantitative support to our experimental results.  
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Figure 1. Structures of the calix[6]arene 1, the pseudo-rotaxane 2 and the axle 3 used as guest in the 

POPC liposomes. 

 

2. Experimental section 

 

2.1 Materials  

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was purchased from Avanti 

Polar Lipids (Alabaster, AL). The fluorescent probes 5(6)-carboxyfluorescein (CF), 

pyrene and lucigenin, tetrabutylammonium chloride, CHCl3, CH2Cl2, CH3OH, 

CH3CH2OH, CDCl3, Triton X-100, Sephadex G-25 and the salts used for the 

preparation of buffers were purchased from Sigma Aldrich and used without further 

purification.  

Reactions were monitored by TLC using 0.25 mm Merck silica gel plates (60 F254). 

Solvents were dried using an Inert Pure Solv Micro Apparatus and stored over 
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molecular sieves. All other reagents were of reagent grade quality, obtained from Sigma 

Aldrich, and used without further purification. “Brine” refers to a saturated aqueous 

solution of NaCl. Unless otherwise specified, solutions of common inorganic salts used 

in workups are aqueous solutions. Triamino calix[6]arene (4), (48) (E)-N,N-dimethyl-4-

(2-(pyridin-4-yl)vinyl)aniline (5), (49) and 1-pentyl-[4,4'-bipyridin]-1-ium tosylate (8) 

(50) were synthesized according to published procedures. 

 

2.2 Instruments  

Fluorimetric measurements have been carried out on Jasco FP-6200 or Jasco FP-6500 

spectrofluorimeters. UV-Vis absorption measurements have been performed on a Jasco 

V-550UV/Vis spectrophotometer. 

The size and  potential values of the pure and loaded POPC liposomes were measured 

by using a 90Plus/BI‐MAS ZetaPlus multiangle particle size analyzer (Brookhaven 

Instruments Corp., Holtsville, NY). 

Automated flash column chromatography purifications were done using a Teledyne Isco 

apparatus with prepacked silica gel columns. m/z of compounds were assessed in the 

ESI mode using a Thermo LTQ ORBITRAP XL (HR-MS) and a Waters Acquity Ultra 

Performance LC instruments. 1H and 13C NMR spectra were recorded on a Bruker 

Avance III spectrometer operating at 400 and 100 MHz, respectively. Chemical shifts 

(δ) are reported in parts per million (ppm) using the residual solvent signal as an 

internal reference (7.26 ppm for CHCl3 and 3.34 ppm for CD2HOH). 

For titration experiments, 1H-NMR spectra were recorded on a Bruker Avance 300 

spectrometer with 1H at 300.060 MHz. Proton chemical shifts were referenced to the 

TMS internal standard. Chemical shifts are reported in parts per million (ppm, δ units).  

 



9 
 

 

2.3 Synthesis  

Tris-(pyridin-4-yl)ureido calix[6]arene (1) In a 250 ml round bottom flask kept under 

nitrogen atmosphere, to a solution of triphosgene (0.092 g, 0.31 mmol) in 100 ml of dry 

toluene, a solution of trioctyl-triamino calix[6]arene 4 (0.35 g, 0.28 mmol) and 

trietylamine (0.09 g, 0.92 mmol) in 50 ml of dry toluene was dropwise added. The 

resulting reaction mixture was stirred at 80 °C for 2 hours, then cooled to room 

temperature and 4-aminopyridine (0.13 g, 1.4 mmol) was added. After 3 hours of 

stirring at 80°C, the solvent was removed under vacuum, and the residue taken up with 

100 mL of dichloromethane. The resulting organic solution was washed thrice with 

distilled water, dried over anhydrous sodium sulphate, and evaporated to dryness. 

Purification of the residue by column chromatography (eluent dichloromethane / 

methanol = 8 / 2) afforded 0.24 g (55%) of 1 as a yellow solid. M.p. 206-208 °C; 1H 

NMR (CDCl3, 400 MHz)  = 8.2, 8.0, 7.3, 7.1, and 6.6 (5 br. s, 24H); 4.5, 3.9, 3.5, and 

2.8 (4 br. s, 27H); 1.9, 1.6, 1.5-1.2, and 0.9 (br. s, br. s, m, br. t, 76H); 13C NMR 

(CDCl3, 100 MHz)  = 127.9 (br. s, CH), 112.7 (br. s, CH), 73.5 (CH2), 34.3 (br. s, Cq), 

31.9 (CH2), 31.6 (CH3), 30.6, 29.6, 29.3, 26.4, 22.7 (5 CH2), 14.1 (CH3); HR-MS (ESI, 

Orbitrap LQ) calculated for C99H130N9O9 [M+H] m/z (z = 1): 1588.99860 (90%), 

1590.00181 (100%), 1591.00496 (58%), 1592.00805 (24%), 1593.01109 (7%); Found: 

1588.9996 (90%), 1590.00362 (100%), 1591.00689 (58%), 1592.01036 (22%), 

1593.01151 (8%). 

Dodecane-1,12-diyl ditosylate (6). In 250 ml round bottom flask, 1,12-dodecanediol 

(10 g, 0.5 mol), p-toluenesulfonyl chloride (19.5 g, 1.5 mol), triethylamine (15 g, 1.5 

mol) and a tip of spatula of 4-(dimethylamino)pyridine (cat.) were solubilised in dry 

CH2Cl2 (100 ml). The reaction mixture was stirred at room temperature for 24 hours and 
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then quenched by water (100 ml). The separated organic phase was dried over Na2SO4 

and evaporated to dryness under reduced pressure. The pure product was obtained after 

precipitation from methanol (85%). M.p. 72-74 °C. 1H NMR (400 MHz, CDCl3) δ = 

7.81 (d, 4H, J = 8.3 Hz), 7.36 (d, 4H, J = 8.0 Hz), 4.04 (t, 4H, J = 6.5 Hz,) 2.47 (s, 6H), 

1.7 – 1.6 (m, 4H), 1.4 – 1.2 (m, 16H); 13C NMR (100 MHz, CDCl3) δ = 129.8, 127.9, 

70.7, 29.4, 29.3, 28.9, 28.8, 25.3; ESI-MS(+) m/z = 533.3 (100), 534.3 (20) [M+Na]+, 

549.2 (30), 550.2 (10) [M+K]+. 

Synthesis of (E)-1-(4-(4-(4-(dimethylamino)styryl)pyridin-1-ium-1-yl)butyl)-1'-

pentyl-[4,4'-bipyridine]-1,1'-diium tritosylate (3). In a sealed glass autoclave, a 

degassed solution of ditosylate 6 (8 g, 15.7 mmol) and pyridine derivative 5 (0.5 g, 2.2 

mmol) in dry acetonitrile (5 ml) was refluxed for 12 hours. After cooling to room 

temperature, the solvent was evaporated to dryness and the solid residue was treated 

with hot methanol (25 ml). The solid residue of 6 was recovered by filtration, and the 

solvent evaporated to dryness to afford 0.8 g (65%) of the desired stilbazolium salt 7 as 

a red solid compound. This compound was used as such to alkylate the pyridyl N-pentyl 

pyridnium tosylate 8. In detail, a solution of 7 (0.14 g, 0.18 mmol) and 8 (0.086 g, 0.22 

mmol) in 10 ml of dry acetonitrile was poured in a small glass autoclave. After two 

vacuum/nitrogen cycles, the autoclave was sealed, and the solution refluxed for at least 

7 days. After this period, the solution was cooled to room temperature. Upon standing at 

room temperature, a red solid compound precipitated from the reaction solution, which 

was isolated by suction filtration. After drying under reduced pressure, 0.087 g (41%) of 

pure 3 were recovered as a red solid compound. M.p. 223-225; 1H NMR (CD3OD, 400 

MHz)  = 9.24 (dd, 4H, J1 = 6.8, J2 = 1.8 Hz), 8.66 (d, 4H, J = 6.2 Hz), 8.58 (d, 2H, J = 

6.6 Hz), 7.97 (d, 2H, J = 6.7 Hz), 7.84 (d, 1H, J = 15.9 Hz), 7.70 (d, 5H, J = 7.9 Hz), 

7.62 (d, 2H, J = 8.9 Hz), 7.24 (d, 5H. J = 7.9 Hz), 7.10 (d, 1H, J = 15.9 Hz), 6.80 (d, 
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2H, J = 8.4 Hz), 4.8 – 4.7 (m, 4H), 4.42 (t, 2H, J = 7.3 Hz), 3.09 (s, 6H), 2.34 (s, 8H), 

2.1 – 2.0 and 2.0 – 1.9 (2m, 6H), 1.5 – 1.3 (3m, 18H), 0.97 (t, 3H, J = 6.7 Hz); 13C-

DEPTQ NMR (CD3OD, 100 MHz)  = 154.9 (Cq), 152.6 (Cq), 149.8 (Cq), 146.6 (br., 

CH), 143.0 (CH), 142.9 (CH), 142.2 (Cq), 140.3 (Cq), 130.2 (CH), 128.5 (CH), 126.9 

(CH), 125.5 (CH), 122.3 (CH), 111.7 (CH), 61.9 (CH2), 59.8 (CH2), 38.8 (CH3), 31.1 

(CH2), 30.8 (CH2), 29.2 (CH2), 29.1 (CH2, 2 res.), 28.8 (CH2, 2 res.), 27.9 (CH2), 25.9 

(CH2), 25.8 (CH2), 21.8 (CH2), 19.9 (CH3), 12.7 (CH3); ESI-MS (+) m/z (z = 2) 395.4 

(100), 395.9 (50) [M-2TsO]; (z = 3) 206.7. 

 

2.4 Preparation of liposomal systems 

Large unilamellar vesicles have been prepared by hydration of a thin film of POPC, 

according to the procedure reported in the literature (51). Details are disclosed in 

Supplementary Materials. 

Spectrophotometric measurements were carried out to confirm that guests were 

embedded into the liposomal bilayer (Figure 2). 
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Figure 2. UV/vis spectra of guests 1 and 2 inserted into the liposomes (Figure 1a and 1b, respectively). In 

Figure 1a, solid line: 1 in CH2Cl2; dashed line: pure POPC liposomes in PBS; dotted: 1/POPC liposomal 

system in PBS. In Figure 1b, solid line: 2 in CH2Cl2/CH3OH; dashed line: pure POPC liposomes in PBS; 

dotted line: 2/POPC liposomal system in PBS. 

 

2.5 Fluorimetric measurements 

The microviscosity of the guest-doped liposome bilayer has been determined by using 

pyrene as the fluorescent probe, according to a well-standardized procedure (52), as 

reported in Supplementary Materials.  

The determination of the stability of liposomes was based on the principle of 

self-quenching of CF. In fact, while at [CF] = 50 mM the CF fluorescence intensity is 

low due to its self-quenching, when dilution occurs after the leakage of the entrapped 

CF from the liposomes, the emission intensity increases due to CF de-quenching. The 

increase of fluorescence emission intensity at  = 516 nm, using 490 nm as the 

excitation wavelength, was followed over a period of 24 h.  

For Cl- transmembrane transport experiments, lucigenin was entrapped in the 

aqueous core of pure POPC, 1/POPC, 2/POPC and 3/POPC liposomal systems during 

the hydration step of the phospholipidic films. A Cl- concentration gradient across the 

a b 
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membrane was created by the addition of NaCl to the liposomal solution. The guest-

mediated transport of Cl- ions into the liposomes was revealed by the quenching of 

lucigenin fluorescence. 

 

2.6 1H-NMR titrations 

1H-NMR spectra were registered after the addition of increasing amounts of 

tetrabutylammonium chloride, Bu4NCl, (range 0.27 – 7.06 mM) to a 2.13 mM solution 

of  tris-(N-phenylureido)-calix[6]arene in CDCl3. Similarly, a 5.81 mM solution of 

calixarene 1 in CDCl3 was titrated with Bu4NCl (range 1.42 – 18 mM) and spectra were 

recorded after each Bu4NCl addition. 

2.7 DLS analysis 

For size measurements, the autocorrelation function of the scattered light was analyzed 

assuming a log Gaussian distribution of the vesicle size. The mean size and 

polydispersity index have been obtained. The  potential values were calculated from 

the electrophoretic mobility by means of the Helmholtz-Smoluchowski relationship. 

 

2.8 Computational section 

Two different sets of computational investigations have been carried out. The first one, 

aimed at understanding the interaction between chloride ion and aromatic moieties (see 

below) was accomplished by performing Quantum Chemical calculations in the 

framework of Density Functional Theory (DFT) using the wB97XD functional from 

Head-Gordon and co-workers (53) which includes empirical dispersion, in conjunction 

with 6-31+G(d) basis set. Two different minimum energy paths, the first one along the 

C2v pseudo-symmetry axis of the aromatic ring and the second one orthogonal to the 

aromatic ring, were scanned. For this purpose, each point was optimized in the presence 
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of the corresponding symmetry constrain and the character of the interaction energy was 

analysed through the Molecular Orbital Energy Decomposition Analysis (54) as 

implemented in the Gamess US program (55). The Basis Set Superposition Error was 

estimated through the Boys and Bernardi scheme (56). The second set of calculations 

was aimed at evaluating the work of insertion of  axle 3 into POPC bilayer. This was 

accomplished through MD simulations carried out using the Gromacs package, version 

4.5.5 (57) with the Gromos force-field (gromos53a6) (58). The species axle 3 was 

simulated in the presence a lipid bilayer (POPC). The charges of 3 were calculated 

using standard fitting procedures with the program Gamess US in the framework of the 

Density Functional Theory using the same functional and basis set previously 

referenced. For the lipid bilayer (POPC) we utilized the force field and the equilibrated 

box taken from the literature (59), and for water, we utilized the Simple Point Charge 

(spc) model (60). All the simulations were performed in the NVT ensemble with a time 

step of 2.0 fs adopting a standard protocol: after an initial energy minimization, the 

system was gradually heated from 50 to 250 K using short (20 ps) MD simulations. 

Finally, a further pre-equilibration of the system, arrived at 298 K, was carried out by 

running 1.0 ns of MD simulation in all the systems. The temperature was kept constant 

using the velocity rescaling procedure (61). The LINCS algorithm was employed to 

constraint all bond lengths (62). Long-range electrostatic interactions were computed by 

the Particle Mesh Ewald method with 34 wave vectors in each dimension and a fourth-

order cubic interpolation, and a cut-off of 1.1 nm was used (63). All these simulations 

were aimed at determining the free energy of insertion of 3 within the lipid bilayer 

adopting the following procedure. First, we performed pulling simulations utilizing a 

constant velocity steered MD simulation. The center of mass of 3 was pulled in the z-

dimension (normal to the bilayer and indicated with  in the figures below reported) 
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forcing 3 to move from the solvent (water) toward the middle of the membrane. A 

harmonic potential with a force constant of 1000 kJoule mol−1 nm−2 was adopted in 

conjunction with constant velocity of 0.001 nm ps−1. Subsequently, starting from the 

configurations (total number 22 separated by 0.10 nm) generated by the pulling 

simulations, we carried out Umbrella Sampling (64) in conjunction to the weighted 

histogram analysis method (WHAM) (65). For this purpose, a harmonic potential of 

3000 kJoule mol−1 nm−2 was applied in the  direction between the centre of mass of  3 

and the centre of mass of the POPC bilayer. All the 22 simulations were produced and 

independently produced for 12 ns. The error was evaluated through bootstrap analysis 

(66). Two further sets of MD simulations of 60 ns were finally carried out with the same 

protocol: the first one initiated by putting 3, without any constraint,  in the minimum 

free-energy condition as emerged from the Umbrella Sampling; the second one in the 

absence of 3. 

 

3. Results and discussion 

3.1 Synthesis of the anion channel components  

The calix[6]arene-based anionic channel to be inserted inside the liposomal membrane 

has been designed based on a known heteroditopic tris-(N-phenylureido)calix[6]arene 

that, as previously shown, is capable to efficiently form “wheel-axle” pseudorotaxane 

complexes with N,N-dialkyl viologen-based salts. (67,68) In this work, a new wheel 1 

was devised by replacing the phenylureas present onto the calix[6]arene wider rim of 

the previous systems (24) with the more electron-deficient 4-pyridinureas (see infra). 

Compound 1 was obtained starting from the known triocyloxy-triamino calix[6]arene 4 

(see Scheme 1), by converting its amino groups into isocyanates with triphosgene 

followed by condensation with a molar excess of 4-aminopyridine. The reaction was 
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carried out in toluene. The characterisation of this new heteroditopic calix[6]arene 

wheel was carried out through MS and NMR measurements. The 1H NMR spectrum, 

taken in CDCl3 (see Supplementary Material) show very broad signals, witnessing a 

large macrocycle fluxionality on the NMR time-scale. HR-MS measurement confirmed 

the identity of the synthesised compound since the relative m/z spectrum shows peaks 

relative to the singly, doubly, and triply charged species having isotopes distribution 

perfectly matching with the theoretic ones (see Supplementary Material). The synthesis 

of the axial component (3) to be transported through the liposomal barrier was 

challenging. It is a tri cationic two-station thread that in principle can be complexed by 

1 through either its 4,4’-bispyridinium group (V-station) or the stilbazolium group (S-

station). A long C12 alkyl spacer has been introduced between the two stations. 3 was 

synthesised in good overall yields through the two-step procedure depicted in Scheme 2. 

First, the precursor of the S-station, the (E)-N,N-dimethyl-4-(2-(pyridin-4-

yl)vinyl)aniline (5), was alkylated at its pyridine nitrogen with a large stoichiometric 

excess (1:7) of dodecane-1,12-diyl ditosylate (6) to favour the monofunctionalization of 

the latter spacer. The excess of 6 is recovered by precipitation from methanol, while the 

intermediate 7 is reacted as such with the pyridilpyridinium tosylate (8) to give the 

desired thread 3. Its identity was confirmed as usual by MS and NMR analysis (see 

Supplementary Material).  
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Scheme 2. Synthesis of calix[6]arene wheel 1 and of tricationic axle 3 

 

Despite its large fluxionality, the ability of 1 to act as a wheel for the viologen salt 

complexation was verified by NMR with N,N-dioctyl viologen ditosylate. Upon 

complexation in CDCl3, indeed, the macrocycle host assumes a pseudo cone 

conformation characterised by sharper NMR signals (see Supplementary Material). In 

this geometry the wheel encircles, with its aromatic cavity, the bis-pyridinium unit of 

the viologen salt and each of the axle two alkyl chains protrudes from the wider and 

narrow rim of the calix[6]arene (see Scheme 1 or Supplementary Material for a 

schematic representation of the wheel-axle complexation). As a result, most of the axle 

resonances result largely upfield-shifted because of the anisotropic shielding effect 

exerted by the aromatic units of the wheel.  
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3.2 Characterization of liposomal systems 

 

3.2.1 Determining the microviscosity 

The insertion of a guest into a bilayer can alter the bilayer’s structural and 

dynamic characteristics such as mechanical strength, fluidity, and permeation (52, 69, 

70).  One of the most useful parameters which can be determined to obtain information 

about the packing and permeability of membranes, is microviscosity (71). The 

fluorescence spectroscopy, based on the use of environmentally sensitive fluorophores 

such as pyrene, is the most widely adopted method to determine membrane 

microviscosity (72-74). Indeed, the emission spectrum of photochemically excited 

pyrene shows an emission band at 395 nm,  due to the pyrene monomer, and an 

emission band at 480 nm, due to the pyrene excimer whose formation depends on the 

ability of pyrene to diffuse through the membrane.  The parameter C’h, defined by the 

relation C’h = (1/k), where k is a constant that considers theoretical and instrumental 

parameters and  is the viscosity, and calculated as the reciprocal of the slope of the 

straight line obtained by plotting the ratio I480/I395 as a function of [pyrene], is used to 

indirectly express the microviscosity of the liposomal bilayer indirectly. The recorded 

spectra of pyrene in the liposomal system 1/POPC (guest/lipid ratio = 2:100), are 

reported in Figure 3, as an example.  

 

 

 

 

 



19 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Fluorescent emission spectra of pyrene in the liposomal system 1/POPC (guest/lipid ratio = 

2:100) registered at 1x10-6 M ≤ [pyrene] ≤ 1x10-5 M 

 

The data reported in Table 1 show that the insertion in the POPC liposomes of 1 

does not alter the membrane microviscosity, suggesting that the molecules of 1 can 

arrange themselves into the bilayer without affecting the dynamic properties of the 

membrane thanks to their long hydrophobic tails that match well with the POPC acyl 

chains. On the contrary, in the presence of both the pseudo-rotaxane 2 and the axle 3, 

the microviscosity of the bilayer increases as well as the local polarity experienced by 

the probe. Indeed, the I1/I3 ratio (where I1 and I3 correspond to the first and third 

vibronic bands intensities in the fluorescence spectrum of pyrene, respectively) is very 

sensitive to the polarity of the environment, and an empirical scale of polarity of pyrene 

has been introduced by Dong and Winnik (75,76). Presumably, the presence of the 

hydrophilic axle 3 allows a deeper penetration of water molecules, retained as hydration 

water. Pyrene molecules which are localized closer to these polar regions, would diffuse 

more slowly and form less excimers, beeing responsible for the high observed 

microviscosity.  
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Liposomal system C’h (x 10-4) Local polarity 

pure POPC 1.59 (± 0.01) 0.978 (± 0.022) 

1 + POPC 2:100 1.56 (± 0.01) 0.997 (± 0.011) 

2 + POPC 2:100 4.26 (± 0.01) 1.067 (± 0.036) 

3 + POPC 2:100 3.49 (± 0.02) 1.046 (± 0.006) 

 

Table 1. C’h parameter and polarity calculated for pure POPC liposomes and guest containing-liposomal 

systems. 

 

It is worth noting that the results obtained, also rationalized in the light of previous 

studies present in the literature (see references throughout this section), allowed us to 

formulate essentially qualitative hypotheses on how guests can interact with bilayer's 

phospholipids. This interpretation is nevertheless supported by computational analysis 

(see Section 3.4).  

 

3.2.2 Particle size and zeta potential analysis 

Particle size and zeta potential represent valuable sources of information about 

the physicochemical changes in lipid bilayer upon incorporating a guest (52, 77). 

Indeed, the insertion of different compounds in the bilayer can promote surface 

rearrangement inducing alteration of liposomal surface properties but also of the whole 

lipid bilayer profile, as demonstrated for other ionophores by studies based on ESR 

technique (47). 

The effect of the present guests on the liposome morphology has been 

investigated by DLS analysis and the liposome surface charge has been quantified by 

measuring the  potential. The obtained results for the three liposomal systems and for 

pure POPC liposomes are reported in Table 2.  
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Liposomal system size (nm) 

polydispersity index 

 potential (mV) 

pure POPC 118 (± 1)  

0.09 (± 0.01) 

-20.3 (± 2.1) 

1 + POPC 2:100 139 (± 2)  

0.13 (± 0.01) 

-13.9 (± 1.7) 

2 + POPC 2:100 135 (± 8)  

0.11 (± 0.02) 

-8.49 (± 4.02) 

3 + POPC 2:100 113 (± 4)  

0.11 (± 0.04) 

-2.09 (± 3.71) 

 

Table 2. Liposome size and zeta potential values measured for pure POPC liposomes and for the 

liposomal systems at guest/lipid ratio = 2:100. 

 

The insertion of 1 and 2, presumably positioned closer to the lipid-aqueous 

interface with the long hydrophobic tails pointing toward the liposomal hydrophobic 

core and the ureido-functionalized rim facing the phospholipid polar heads, leads to a 

slight increase in the hydrodynamic radius of the liposome. This result is consistent with 

the liposome enlargement previously observed for the structurally related tris-(N-

phenylureido)calix[6]arene (24) explained in terms of different critical packing 

parameter (CPP). Indeed, each phospholipid type has a characteristic CPP which 

determines the morphology and the size of the resulting liposomes. The addition of a 

guest with a CPP higher than that of phospholipids induces the formation of larger 

aggregates. 

The hydrodynamic radius of the 3/POPC liposomal system does not differ 

significantly from the value relative to pure POPC liposomes. This is an indication that 

the axle 3, due to its hydrophilic character, is not embedded into the bilayer but it 

presumably resides at the interface between the water and the polar head group. 
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Regarding the zeta potential values, the insertion of calixarene 1 into POPC 

liposomes reduces the negative charge on the liposome surface. This result could be due 

to the ability of the ureido groups of 1 to interact with the phosphate groups of POPC 

via hydrogen bonding. The H-bonding may reduce the exposure of phosphate head 

groups and also decrease the head groups mobility inducing the observed change in the 

surface charge density.  

The presence of the positive axle in the pseudo-rotaxane 2 leads to a more 

marked reduction of the negative charge on the liposome surface. The adsorption of the 

axle 3 on the liposome surface causes the greatest change in the zeta potential value, 

due to electrostatic charge neutralization. In this case, the standard deviation indicates a 

fluctuation of the zeta potential of these liposomal systems that is, in the liposome’s 

population under examination, the net charge of the individual liposomes greatly differs 

from each other, probably depending on the flexibility of the molecule which may be 

oriented in different way on the liposomal surface. 

 

3.2.3 Integrity of the liposomal systems 

The kinetic stability is a useful parameter to evaluate if a molecule can be properly 

embedded into a bilayer preserving membrane integrity. Indeed, the incorporation of a 

guest into the bilayer can alter the physicochemical properties and the structural 

organization of the membrane, resulting in the formation of pores and defects which 

allows the efflux of the content of the internal aqueous core into the extra-liposomal 

environment (78).  

The kinetic stability of liposomes can be determined fluorimetrically by monitoring the 

increase in fluorescence, due to the first order-dequenching of the anionic dye 5(6)-

carboxyfluorescein, released from the internal aqueous core of the liposome.    
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The kinetic profiles of the spontaneous release of CF from pure POPC and from 

1/POPC and 2/POPC liposomal systems are reported in Figure 4. The values of the 

calculated first-order rate constants, kobs, for each system are listed in Table 3. 

We were not able to carry out the kinetic stability experiments on the liposomal 3/POPC 

system as large aggregates are formed in the presence of carboxyfluorescein, which can 

neither be extruded nor re-solubilized. This is likely due to the electrostatic interaction 

between the negative probe and the hydrophilic positive axle 3 at the liposome surface. 

 

 

Figure 4. Kinetic profiles of the spontaneous CF release at 25 °C from pure POPC (solid line), 1/POPC 

(dotted line) and 2/POPC (dashed line) liposomal systems. 

 

Liposomal system kobs x 10-4  [s-1] 

pure POPC 0.99 (± 0.09) 

1 + POPC 2:100 0.56 (± 0.08) 

2 + POPC 2:100 0.59 (± 0.03) 

 

Table 3. First order rate constants, kobs, for the spontaneous release of CF from the investigated liposomal 

systems. 
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The kobs values reported in Table 3 show that the rate of the release of CF from 

the internal aqueous core of the liposomes in the extra-liposomal environment is 

reduced by the insertion of both calix[6] arene 1 and pseudo-rotaxane 2. Indeed, the 

stabilizing effect could be due to the favourable hydrophobic interaction between the 

long alkyl chain of 1 and 2 and the phospholipid tail as well as to hydrogen bonding 

interaction between the ureido groups of the macrocycles and the phosphate headgroups 

of POPC. Hydrophobic interactions and hydrogen bonding help to stabilize the 

membrane hindering the formation of transient pores or defects in the bilayer and 

lowering the efflux of CF. Similar conclusions were previously reached (24, 79), with 

hydrogen bonding interactions playing the dominant role in the stabilizing effect of the 

guests (52). 

 

3.3 Transmembrane transport of chloride ions 

The permeability of the membrane-doped liposomes towards chloride ions has been 

evaluated using lucigenin as the probe to determine the change in Cl- concentration in the 

liposomal aqueous core since the fluorescence of lucigenin is quenched upon Cl- binding. 

The obtained results are reported in Table 4. 

 

Liposomal system kobs  [s-1] 

pure POPC 0.0019 (± 0.0001) 

1 + POPC 2:100 0.0021 (±0.0001) 

2 + POPC 2:100 0.0099 (±0.0001) 

3 + POPC 2:100 1.76 (±0.06) 

 
Table 4. First-order rate constants, kobs, for the quenching of lucigenin induced by Cl- in pure POPC 

liposomes and in guest-doped liposomes. 
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Rather in contrast with the experimental evidence available in the literature, for calixarene 

1 the predictable anion- interaction between pyridine ring and chloride ions does not 

seem to be effective.  In fact, the insertion of  1 into the liposomal bilayer does not 

increase the rate of quenching of lucigenin. This result is even more surprising when 

compared with the kobs value of 0.0279 (±0.0013) previously obtained for the analogous 

tris-(N-phenylureido)-calix[6]arene (24). Indeed, due to the presence, in calixarene 1, of 

the electron-deficient pyridine ring replacing the electron-rich benzene ring in tris-(N-

phenylureido)-calix[6]arene, we would have expected a higher anion transport activity 

for calixarene 1.  

The presence of the axle in the 2/POPC liposomal system favours Cl- transport across the 

membrane. This result suggests that the positive charges on the axles in the pseudo-

rotaxane can act as anion binding sites, supporting the transport of the anion by 

electrostatic effect.  

Surprisingly, the quenching of lucigenin is very fast for POPC liposomes containing only 

the axle 3, as shown by the kinetic profile reported in Figure 5.  

The addition of Triton X-100 causes a further decrease in the fluorescence intensity of 

the lucigenin as the detergent solubilizes liposomes and the remaining lucigenin 

entrapped is released. Therefore, the effect of Triton X-100 addition to the liposomal 

suspension gives evidence of the presence of liposomes, also confirmed by DLS analysis, 

carried out before kinetic measurements, which detects the presence of particles with an 

average size of 112 (± 4) nm for 3/POPC 2:100 and 123 (± 1) for 3/POPC 1:100 liposomal 

systems. 
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Figure 5. Fluorescence intensity of lucigenin as a function of time after addition of NaCl and after addition 
of Triton X-100 for 3/POPC 2:100 liposomal system. 
 

Even if the positively charged axle can bind chloride anions through electrostatic 

interactions, its hydrophilic character is quite unlikely to allow it to enter the lipophilic 

bilayer and act as a channel or carrier for chloride ions. 

 

3.4 Computational analysis 

To provide a deeper insight for interpreting the obtained results, the interaction 

energy between chloride ion and aromatic moiety has been evaluated and analyzed 

through quantum-chemical calculations considering two relative orientations. The first 

one (see Figure 6a) orthogonal to the plane and hereafter termed as O-orientation, the 

second one (see Figure 6b) along the C2 pseudo-symmetry axis and hereafter termed as 

C-orientation. The interaction energy and the corresponding components has been 

evaluated through the Localized Molecular Orbital Energy Decomposition Analysis (80) 

based on DFT calculations.  

addition of Triton X-100 
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Figure 6. Relative orientations between chloride ion-aromatic ring used in both the systems (phenyl and 

pyridine): O-orientation (a) and C-orientation (b). For the sake of brevity, we only report the Figures 

corresponding to the phenyl group. 

 

The profiles of the interaction energy (including the estimation of the basis set 

superposition error) are reported in Figure 7a for the O-orientation and in Figure 7b for 

the C-orientation for both systems. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Interaction energy for the O-orientation (a) and for the C-orientation (b). Black line: pyridine; 

dotted line: phenyl. 

 

(a) (b) 
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When the chloride ion approaches the aromatic ring via C-orientation (Figures 

6b and 7b), schematically conceivable as the initial approach to the calixarene, we 

observe very different behaviours: an attractive interaction for the phenyl ring and a 

strongly repulsive interaction in the case of pyridine. Such an effect, whose nature is 

predominantly electrostatic as reported in the Supplementary Material, produces, in the 

case of the pyridine, a potential energy barrier that somehow slows down or even 

inhibits the association with the chloride ion. However, once the barrier is overcome, 

the interaction between chloride and the electron-deficient pyridine moiety (Figures 6a 

and 7a), which can be perceived as an anion- interaction, is even more favourable than 

that between chloride and the phenyl group also due to other effects such as dispersion 

and exchange (see Supplementary Material) more important at shorter distances.  The 

existence of this potential energy barrier might partially justify the experimental results, 

which showed a slower transmembrane transfer of chloride ions for 1 compared to tris-

(N-phenylureido)-calix[6]arene. It is clear that such an analysis should be considered as 

only indicative because of the possible thermal and solvent effects not considered in the 

present case.  

Moreover, trying to explain the quite surprising results relative to the axle 3/POPC 

liposomal system, we modelled the work of insertion of 3 into the liposome. This was 

accomplished through free-energy calculations based on MD simulations and MD-

Umbrella Sampling approach. 

For this purpose, we have first estimated the insertion free energy of 3 (at 298 K) as a 

function of the motion along the direction orthogonal to the bilayer () surrounded by 

water, as shown in Figure 8. 
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Figure 8. Schematic view of the simulated system (water molecules are omitted for the sake of clarity). 

In the Figure, we also indicate the water-membrane interface region mainly occupied polar headgroups 

(HG); for brevity, we hereafter refer to this region as HG region. Note that the abscissa of this Figure (see 

Figure 8 and also Figure 9), hereafter indicated with , coincides with the direction orthogonal to the 

bilayer. The zero value of  has been arbitrarily taken as the starting point of the Umbrella Sampling 

procedure. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Insertion free energy (and the associated error) as a function of 3 center of the mass. For the 

definition of the abscissa see the caption of Figure 8. 
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The resulting profile shown in Figure 9 is characterized by a relatively broad 

free energy local minimum which, based on the scale of the coordinate explicitly 

reported in Figure 8, suggests that axle 3 at 298 K is expected to stably reside in the 

membrane surface, i.e. the region determining the interface between water and the polar 

head groups. From the same Figure 9 we also note that, according to the free-energy 

profile, a significant molar ratio of 3  can be found not beyond 2.5 nm along the  

coordinate, i.e. just below the HG region of Figure 8. Subsequently, we have performed 

a relatively unbiased long time-scale simulation (60.0 ns) of 3 initially lying on the 

membrane surface, i.e., within the minimum free-energy basin of the Figure 9. As 

expected, axle 3 only performs slow oscillations with respect to the surface, as indicated 

in Figure 10a and it is almost always found in an extended conformation as shown in 

Figure 10b. 

 

 

 

 

 

 

 

 

Figure 10. a): distribution of the position of 3 along the x space as found along the unconstrained 

trajectory. b): distribution of the distance between 3 terminals as found along the trajectory; the dotted 

line indicates the distance in the fully extended conformation. 

 

From the same unbiased simulation, we also evaluated the possible structural-

mechanical effects produced on the membrane by the presence of 3 on the bilayer 

(a) (b) 
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surface. For this purpose we have monitored the amount of water molecules present in 

polar headgroups region of the membrane (indicated as HG in the caption of  Figure 8) 

and compared this result with the one obtained from MD simulation without 3. The 

results are reported in Figure 11 where, in the case of MD simulation in the presence of 

3, we have considered the water distribution along the HG region both considering the 

side facing the approaching 3 (inset c) as well the opposite one (inset b). 

 

 

 

 

 

 

 

 

 

 

Figure 11. Probability density of water molecules within the HG region. For the free membrane (inset 

(a)) and the membrane in the presence of 3 both considering the membrane side facing the approaching 

solute (inset (c)) and the other one. (inset (b)) The error bar has been estimated as a standard error on the 

average considering three sub-portions of the whole trajectories. Note that in the case of the inset (a) we 

have reported only one of the two membrane sides as the situation is perfectly superimposable. 

 

From such a Figure it is clear that, within the associated standard error, the 

presence of 3 on the membrane surface induces a sharp, although not dramatic (which 

would produce the membrane disruption), increase in water molecules suggesting a 

clear alteration of the membrane permeability induced by the presence of 3. Note also 

that the loss of the symmetry of the distribution in inset (b) is probably the effect of the 

membrane increased permeation induced by the presence of 3. For reinforcing such an 
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observation, we have also carried out a more direct estimation of the membrane 

mechanical features. In particular, as described more in detail in the Supplementary 

Material, we have roughly evaluated the possible formation of hydrophilic pores on the 

bilayer surface. In this respect, in Figure 12, we have reported the size distribution of 

the surface-pores revealed along the MD simulation both on the side of the membrane 

directly in contact with 3 (red line) and on the opposite side (black line). As a further 

confirmation, in the same Figure, we have also reported the result of the same analysis 

performed on the two sides of the bilayer in the absence of 3. The rather similar trend of 

the four distributions clearly indicates that, as expected, the bilayer surface is far from 

being a rigid structure as the formation of surface-pores is a spontaneous process not 

necessarily induced by 3. However, the presence of the latter sharply favors, within the 

standard error, the formation of medium-sized pores (between 0.5 and 0.9 nm2)  that 

could be well related to the increase of the permeability of the membrane (Figure 11) 

not accompanied by its rupture which would presumably be characterized by an 

increase of the probability of large-sized pores (i.e. increase of the right-tail of the 

distribution in Figure 12).  
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Figure 12. Size distribution of the bilayer surface-holes (see Supplementary Information for additional 

details) as obtained by monitoring the polar head-groups in the bilayer HG region both in the presence of 

3 (the side interacting with 3 is reported in red, the opposite one in black) and in the absence. The error 

bars are estimations of the standard error obtained by considering three sub-portions of the corresponding 

MD trajectory.  

 

This evidence is not in disagreement with the very fast quenching of lucigenin 

experimentally observed for POPC liposomes containing only the axle 3 (Table 4 and 

Figure 4). Indeed, the presence of 3 on the liposome surface breaks the interactions 

between phospholipid head groups, allowing the creation of water defects and formation 

of hydrated hydrophilic pores in the membrane which makes the lipid bilayer permeable 

to ions. In fact, it has been widely demonstrated that the passage of ions through the 

membrane can be favoured by the insertion of ionophores that do not act as carriers or 

channels, but through a non-specific mechanism based on the alteration of the 

membrane itself, and which does not involve a direct interaction between ion and 

ionophore. (46,47) 
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3.5 NMR titration study 

1H NMR spectroscopy is a useful method to evidence the occurrence of non-covalent 

anion- and hydrogen bonding interactions (40, 41) in solution.  

1H NMR spectroscopic titrations with Bu4NCl were performed in CDCl3 and the 

recorded spectra are reported in Figure 13 and 14 for tris-(N-phenylureido)-

calix[6]arene and calixarene 1, respectively. 

Qualitative analysis of the 1H-NMR spectra shows that the addition of Bu4NCl led to 

shifted signals for the N-H protons of the ureido groups and aromatic protons for both 

tris-(N-phenylureido)-calix[6]arene and calixarene 1, suggesting the formation of 

N-H…Cl hydrogen bonding and also the occurrence of short-contacted interaction of  Cl- 

ion with aromatic rings of the host molecules. 

 

 

 

 

 

 

 

 

 

Figure 13. 1H NMR (300 MHz, CDCl3) stack plot showing titration of tris-(N-phenylureido)-

calix[6]arene with Bu4NCl. Chemical shifts of N-H protons change from 6.25 to 7.0 ppm while signals 

appear at 8.5-8.7 and 9.5-9.8 ppm. Changes in chemical shifts also occur  in the range 7.0-7.7 ppm. 

related to aromatic protons. Final Bu4NCl /calixarene ratio = 3:1 
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Figure 14. 1H NMR (300 MHz, CDCl3) stack plot showing titration of calixarene 1 with Bu4NCl. Final 

Bu4NCl /calixarene ratio = 3:1.  

 

 

It is interesting to note that, upon addition of increasing amounts of Cl-, the very broad 

signals of 1, due to a large macrocycle fluxionality on the NMR time-scale, turn into a 

more distinct peak. In particular, the signals related to the -protons of the pyridine 

ring, which are barely visible (7.3 and 8.05 ppm) at [Cl-] = 0, become clearly visible as 

the Cl- concentration increases (7.5 and 8.2 ppm at the maximum [Cl-]), suggesting that 

the interaction of the pyridine moiety with Cl- ions slows down the dynamic exchange 

process. 

It is noteworthy that, although 1H-NMR spectra reveal that both compounds bind Cl- 

ions in organic solution, calixarene 1 cannot transport chloride across the membrane 

when inserted into lipid bilayers. A tentative explanation of the observed difference 

could be that, while in solution chloride ion are allowed to come into close contact with 

the pyridine ring and ureido groups, once embedded into liposomes calixarene 

organizes itself in a way which does not allow the favourable approach of Cl- ions via 
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O-orientation to the pyridine ring. However, due to the interesting evidence here 

reported, the study is going to be further investigated. 

 

4. Conclusions 

The aim of the present study was to analyse the contribution of different non-

covalent interactions, i.e. hydrogen bonding, anion- and electrostatic interactions, in 

mediating chloride ion transport across phospholipid membrane. Calixarene 1 and the 

pseudo rotaxane 2 have been suitably designed in order to highlight key structural 

aspect in modulating Cl- transport by comparison with the previously studied tris-(N-

phenylureido)-calix[6]arene. The data obtained support the hypothesis that, once 1 is 

embedded in the bilayer, a favourable anion- interaction, which we would have 

expected from the introduction of the electron-poor ring of pyridine on 1, can only come 

into play when a potential energy barrier, due to a repulsive interaction between the 

pyridine moiety and the chloride ion approaching along the C2 symmetry, is overcome, 

as quantum- chemical calculations have qualitatively demonstrated.  

Indeed, the incorporation of positive charges in the pseudo-rotaxane 2 promotes the 

transport of chloride ions by electrostatic attraction which, therefore, overcome the 

initially repulsive electrostatic interaction between Cl- and pyridine.  

Moreover, the presence of positive charges allows the single axle 3 to interact with 

liposomes at the polar region, resulting in an increase of bilayer permeability originating 

from an increase of the size of hydrophilic surface-pores which strongly enhance the 

transmembrane transport of the electrostatically attracted anions. 

We believe that our results can provide useful information to define the most 

appropriate strategy for the rational design and development of optimized anion 

transporters through appropriate modifications, such as the introduction of positively 
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charged groups, highly electron-deficient arenes, long hydrophobic tails, which can 

contribute to ion translocation while preserving membrane integrity.  

 

Notes  
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