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Overview 

 

The main focus of this PhD thesis is the synthesis of new water soluble 

macrocycles (calix[n]arenes, cyclodextrins and pillar[n]arenes) and the 

investigation of their supramolecular chemistry. After a brief 

introduction about the principles, perspectives, and recent developments 

in the field of water-soluble synthetic receptors (Chapter 1) the following 

sections describe the experimental results of my PhD project. 

Chapter 2 reports the synthesis and the aggregation properties of 

new amphiphilic macrocycles based on anionic and neutral p-alkyl-

calix[n]arenes and a mono-substituted cationic cyclodextrin by means of 

different techniques (1D and 2D 1H NMR, DOSY, DLS, AFM, Cryo-Tem) 

together with different applications in the recognition and/or 

encapsulation of different substrates. 

Chapter 3 describes the aggregation features of supramolecular 

amphiphilic systems (supra-amphiphiles) based on the water soluble p-

tert-butylcalix[5]arene-penta-O-4-butylsulfonato and gemini ,-

alkanediyldiammonium ions, demonstrating that the aggregation 

phenomena can be efficiently modulated by changing the length of the 

spacer in the gemini guest and/or the host-guest ratio. Furthermore, this 



II 

 

chapter demonstrated the great potential of calixarene-based supra-

amphiphiles in the solubilisation of water insoluble drugs by using as a 

model the anticancer drug tamoxifen. 

Chapter 4 provides a fascinating example of social (non 

integrative) self-sorting based on a four component system consisting of 

two water-soluble calix[5]arene derivatives differently substituted at the 

upper rim and two alkanediyldiammonium ions of different lengths 

(H3N+-(CH2)n-NH3+, n = 8, 10). The obtained results demonstrated that 

among the ten possible complexes with mixed/different stoichiometry, 

only two capsular-complexes are formed. 

Finally, Chapter 5 proposes a potential pillararene (WP5) based 

drug-transport system where WP5 and the antibiotic drugs amikacin 

and levofloxacin interact with each other forming stable inclusion 

complexes in aqueous solution. Furthermore, WP5 was employed for the 

preparation of layer-by-layer (LbL) thin solid films on glass surfaces 

loaded with the above mentioned antibiotics, with the ultimate goal of 

fabricating antibacterial multilayered coatings for controlled drug 

release. 
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Chapter 1 

Introduction 

 

1.1. Supramolecular Chemistry: a brief overview  

Supramolecular chemistry has obtained tremendous attention in all 

branches of science (chemistry, biology, material science) since 

1987, when Lehn, Cram, and Pedersen won the Chemistry Nobel 

Prize on account of their discoveries in the host-guest systems.1 

Different noncovalent interactions, such as hydrogen-bonding, van 

der Waals force, stacking, electrostatic and 

hydrophobic/hydrophilic etc., can be involved to obtain 

supramolecular assemblies.2 During the past decades 

supramolecular chemistry has been widely explored in various 

areas, including catalysis, functional materials, electronic devices, 

sensors, molecular machines and nanomedicine,3 as finally 

demonstrated by the award of the 2016 Nobel Prize in Chemistry to 

Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Bernard L. Feringa 

for the "Design and synthesis of molecular machines".4   

In 1983 Jean-Pierre Sauvage succeeded in linking two ring-shaped 

molecules together in form of a chain, called catenanes.5 The two 

interlocked rings were able to move relative to each other when 

gaining energy, which is a basic requirement for any machine to be 

able to perform a task. Then, in 1991, Fraser Stoddart developed a 

rotaxane, a molecular ring around a thin molecular axle, and 
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proved that the ring was able to move along the axle.6 Later in 1999, 

Bernard Feringa was the first person to develop a molecular motor, 

and also designed a nano-car with dimensions 1000 times thinner 

than a single hair strand (Figure 1.1.1).7 

 

 

 

Figure 1.1.1. From catenanes to nano-cars. 

 

Non-covalent interactions present several advantages when 

compared to covalent ones. First, the noncovalent strategies are 

easier than multi-step synthesis and are often low-cost and 

environmentally friendly. Furthermore, supramolecular systems 

can be synthesized by taking advantage of the spontaneous self-

assembly process of suitable building blocks in solution at ambient 

conditions.8 Upon external stimuli, supramolecular materials can 

rearrange their structure or morphology toward more stable states 

driven by the decrease of the Gibbs free energy. Therefore, this 

behaviour can be used to design stimuli-responsive functional 

materials based on supramolecular architectures. Finally, the 

possibility of manipulating molecules as scaffolds for building 

supramolecular architectures (i.e. the "bottom-up" approach) allow 

us to control accurately both the size and the morphology of the 
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resulting new system. Moreover, the fabrication of supramolecular 

materials with a size ranging in the nanometer domain has become 

a hot research topic, particularly, in the field of nanomedicine.  

Because of the aforementioned advantages, together with an 

acceptable biocompatibility or low toxicity of certain molecules and 

materials, supramolecular systems have been widely exploited in 

the biological field. Many authors reported polymeric 

supramolecular systems developed for drug delivery, which 

include polymeric micelles, vesicles, and polymeric hydrogels.9,10 

Among various noncovalent interactions, host-guest interactions 

have been extensively investigated. The host molecule usually 

contains a large cavity volume to accommodate guest molecules on 

the basis of shape and size complementarity. The high selectivity 

between the host and guest molecules provides strong dynamic 

interactions in molecular self-assemblies and offers vast 

possibilities in the construction of novel supramolecular 

biomaterials with high degree of structural complexity and 

programmable functions.11  

During the past few decades, a series of macrocyclic molecules and 

their derivatives have been developed, including calix[n]arenes 

(CAs), crown ethers, cyclodextrins (CDs), cyclophanes, 

cucurbit[n]urils, pillar[n]arenes, and so on. These macrocyclic 

molecules have gained increasing popularity, especially for their 

applications in biomedical field. One major reason is that they are 

basically friendly to the biological environment and exhibit good 

biocompatibility.12 Another reason is that the host-guest complex 
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formation is a facile way to design stimuli-responsive 

supramolecular systems. 

 

1.1.1. Historical background of macrocyclic compounds 

Historically, the synthesis or discovery of new macrocyclic 

molecules was in many cases by chance. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.1.1. Chemical structure of cyclodextrins, crown ethers, calixarenes and 

pillararenes. 

 

Cyclodextrins were discovered in 1891, when the French scientist 

Villiers13 described the isolation of 3 g of a crystalline substance 

Villiers 1891                                                Pedersen 1967 

Zinke 1940                                                   Ogoshi 2008 
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from bacterial digest of 1000 g of starch; cyclodextrin derivatives 

were later characterized in the first half of the last century but only 

came available as highly purified excipients during the past forty 

years.14 As shown in Figure 1.1.1.1, CDs are cyclic oligosaccharides 

consisting of glucopyranose units attached by -1,4-linkages. The 

most common and commercially available CDs named , , and 

CD consist of six, seven or eight glucopyranose units 

respectively, and their cavity size increases by increasing the 

number of repeating units (4.9 Å – 9.5 Å). Since their discovery, 

extensive work has been conducted exploring the molecular 

recognition and encapsulation of substrates by CDs and their 

derivatives for a wide variety of scientific and commercial 

applications.15 Because of their chirality, CDs have attracted 

considerable interest in the field of chiral separation16 and can be 

used as a chiral scaffold to afford moderate to high diastereomeric 

excesses for several diastereo-differentiating photoreactions.17  

Crown ethers were first serendipitously synthesized by Pedersen18 

in 1967. He observed that the etherification between bi-functional 

catechol and 1,2-bis(2-chloroethoxy)ethane afforded dibenzo-18-

crown-6 as a minor product. Focusing on these minor products, 

Pedersen developed a general synthetic protocol for differently 

sized crown ethers by using metal cation templates, which can be 

selectively accommodated inside the macrocycle.18,19 Despite the 

selective recognition of ions is a fundamental function in living 

systems, ion-recognition by synthetic compounds had not been 

reported until the discovery of crown ethers. Therefore, this 
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discovery was a starting point not only in the fields of molecular 

recognition and supramolecular chemistry, but also in the field of 

biomimetic chemistry.  

Back in 1872, Adolph von Baeyer20 reacted phenols with 

formaldehyde under strongly acidic conditions, producing a hard 

resin-like product which he was unable to characterise at that time. 

Nearly three decades later, Leo Baekeland21 re-examined this 

process and, as a result, produced phenol/formaldehyde-based 

resins or heavily cross-linked polymers, which he commercialised 

under the name "Bakelite". During the 1940s and 1950s, Zinke and 

co-workers22 modified the reaction conditions, heating various 

para-substituted phenols with aldehydes in strongly basic solutions 

to yield cyclic tetramers instead of polymeric resins. These cyclic 

tetramers did not become popular until David Gutsche23—who 

coined the term "calixarenes"—reported an optimised synthesis24 in 

the late 1970s, leading to their convenient preparation in larger 

quantities. Calix[n]arenes (CAs) are composed of phenolic units 

linked by methylene bridges at their 2- and 6-positions (meta 

positions). Gutsche et al. discovered that calix[n]arenes (n = 4–9) 

were selectively obtained by tuning the reaction conditions. Among 

CAs, the structures of the odd-numbered members (n = 5, 7, 9) and 

of the large calix[n]arene homologous, formed in low yields, were 

fully elucidated only after the discovery of the even-numbered 

calix[n]arenes.25 The host–guest/supramolecular chemistry26 of 

CAs has been investigated since the 1970s revealing their ability to 

interact with anionic, cationic and neutral guests.27 
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During last two decade, the research on CAs has been focused on 

the development of anion receptors,28 fluorescent sensors,29 

colorimetric chiral recognition,30 multivalent ligands,31 

supramolecular nanostructures,32 polymers,33 and functional 

nanomaterials.34 

Finally, the more recent discovery of pillar[n]arenes was also by 

chance. Ogoshi and co-workers35 investigated in 2008 the reaction 

of 1,4-dimethoxybenzene with paraformaldehyde to synthesise 

new phenolic resins and, surprisingly, the obtained product was 

not a polymer with a wide distribution but rather a highly 

symmetrical cyclic molecule. The chemical structure of this new 

species is very similar to that of a calix[n]arenes. However, one of 

the main differences is the position of the methylene bridges. More 

in details, the units of any calix[n]arenes are bound through 

methylene bridges at the meta position (2,6-positions) of phenolic 

units while those of pillar[n]arenes show the same connection but 

at the para position (2,5-positions). The different positions of the 

methylene bridges dramatically affect the properties of such 

structures. Ogoshi was inspired by the Parthenon at Athens in 

Greece in defining the motif of this macrocycle, therefore he 

decided to name the new cyclic pentamer pillar[5]arene. Synthesis 

and yields of pillar[n]arenes are superior to those of other typical 

host molecules.36 Owing to the cylindrical structure of 

pillar[n]arenes, guest molecules can access the cavity from both 

rims. As a relatively new class of synthetic macrocycles, 

pillar[n]arenes have become a focus of particular attention since 



 

8 

 

they can provide different sizes of rigid -electronrich cavities to 

interact strongly with various electron-deficient species, including 

pyridinium, imidazolium, and alkylammonium cations as well as 

some neutral molecules.37 The diverse and facile functionalisation 

of pillar[n]arenes can provide various modified versatile 

derivatives with anticipated chemical or physical properties for a 

wide range of applications in supramolecular chemistry,38 materials 

science,39 and biology.40 

 

1.2. The Supramolecular host-guest Chemistry in water  

Water is a unique molecule that provides an environment for life 

and regulates many processes occurring in nature. Water is more 

and more exploited as reaction medium, because it is an 

inexpensive “green” solvent and its usage has minimal ecological 

impact. Furthermore, its unique properties provide an 

enhancement of both the rate and selectivity of many reactions.41 

The concepts of molecular recognition and self-organization in 

synthetic supramolecular architectures rely on inspiration from 

natural systems. Natural receptors such as enzymes and antibodies 

show strong and selective host–guest complexation through 

multiple weak, non-covalent interactions between the functional 

groups on the binding partners. Concomitantly, the design, 

synthesis, and study of supramolecular assemblies in water are 

intriguing goals.42 First, the host needs to be soluble in water. This 

severely limits the type of building blocks which can be used for its 
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construction. Second, special interactions and approaches have to 

be chosen to overcome the competitive influence of water. Another 

important feature of large water-soluble receptors is the 

encapsulation of several guests. This facility allows molecular 

interactions to be studied within a confined space and to carry out 

chemical reactions in aqueous media. The main driving force for 

self-assembly in water of most supramolecular architectures, either 

biological or synthetic, is the hydrophobic effect. Additionally, 

strengthening and directing polar interactions such as hydrogen 

bonding, ion–ion, and ion–dipole interactions can take place. It is 

important to note that self-assembly processes in aqueous solutions 

depend on the concentration and the type of salts present in 

solution.43 For example, salt effects are considerable for self-

assembly systems based on ion–ion interactions, but of much lesser 

influence on self-assembly processes mainly driven by hydrophobic 

interactions. As a result, most of the supramolecular systems 

applied to biological targets feature a strong hydrophobic assembly 

component, combined with structuring polar interactions. 

Recently various micelles, vesicles, and supramolecular 

nanoparticles have been developed for the construction of 

supramolecular nanocarriers. The combination of supramolecular 

chemistry with biology thus offers a wealth of new possibilities to 

study and influence biological processes. 
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1.2.1. Cyclodextrins 

A lot of research has demonstrated the significant role of CDs in 

supramolecular chemistry, especially for the preparation of CD 

based supramolecular assemblies for biological applications.44 

Cyclodextrins exhibit good water solubility, good biocompatibility, 

and non-toxicity towards biological systems.45 For instance, many 

pioneer researchers, like Bender,46 Breslow,47 Tabushi,48 and 

Saenger,49 demonstrated the use of CDs as enzyme models. From 

then on, numerous studies showed that, after associating 

catalytically active groups with CDs, the resultant functionalized 

CDs can be used as artificial enzyme models to catalyse many 

biomimetic reactions.50 Furthermore, by forming the host-guest 

complexes between drugs and CDs or CD derivatives, the water 

solubility of hydrophobic drugs can be greatly increased, thereby 

enhancing the drug availability in biological systems. This is the 

direct application of CDs for drug delivery.51 Wang et al. developed 

a nanovector for gene delivery by integrating a pH-responsive 

cyclodextrin material and low molecular weight polyethylenimine 

(Figure 1.2.1.1).52 However, for better pharmaceutical uses, 

chemical modifications on CDs were carried out to further improve 

their solubility and drug encapsulation/realising ability, while 

minimizing the toxicity of the CDs. In this aspect, a variety of 

functional groups were inserted onto CDs.  Cationic CDs were 

synthesized by introducing amino groups onto the primary side of 
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the CDs,53 whereas anionic CDs were produced by attaching 

carboxylmethyl groups or sulfonic groups.54  

 

 

 

Figure 1.2.1.1. Synthesis of acetated-α-CD by kinetically controlled acetalation 

and fabrication of hybrid nanoparticles. (Adapted from ref. 52). 

 

The inclusion complexation abilities of natural CDs and simply 

modified CDs are usually limited, which is inevitably unfavourable 

for the bioavailability and bioactivity of CDs. To avoid this 

disadvantage, scientists focused on the construction of CD-based 

supramolecular assemblies, a class of CD aggregates of nanometer 

size. Jiang and co-authors discussed the construction strategy of 

supramolecular self-assemblies based on CDs, which includes the 

formation of micelles by CD modified polymers, layer-by-layer 

hollow microcapsules, reversible micelles and vesicles, as well as 

polymer hydrogels formed by host-guest recognition.55 Zhou et al. 

conjugated hydrophilic hyperbranched polyglycerol (HPG) onto β-



 

12 

 

CD (CD-HPG), and hydrophobic alkyl chain (C18) was coupled 

with Adamantane (Ad-C18). Through the host-guest complexation 

between β-CD and Ad, supramolecular amphiphiles were 

constructed, which could further self-assemble into core-shell 

structured vesicles (Figure 1.2.1.2).56 

 

 

 

Figure 1.2.1.2. Preparation, self-assembly, and disassembly of the vesicle by a 

linear hyperbranched supramolecular amphiphile. (Adapted from ref. 56). 

 

1.2.2. Calix[n]arenes 

During recent years CAs-based supramolecular systems have 

shown promising applications in biomedical field.57 As compared 

to CDs, a reduced number of studies have been reported for the 

biomedical applications of CAs,58 mainly because of their high 

hydrophobicity and poor water solubility. To avoid this problem, 

researchers have designed hydrophilic and water-soluble CAs. 

Sulfonation at the upper rim provided a common strategy to 
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prepare water soluble CAs.59 In addition, the conjugation of 

carboxylic acid groups onto the lower rim60 and the 

functionalization of both rims with polar groups were also carried 

out for the same purpose.61 By using click chemistry, cationic, 

anionic, and non-ionic CAs derivatives with a good water solubility 

were efficiently synthesized.62 For instance, poly(pyridinium)-

functionalized CAs were obtained for biosensing applications 

(Figure 1.2.2.1a).63 Consoli et al. modified both the lower and the 

upper rims of CAs to obtain a folic acid-calix[4]arene conjugate that 

is able to encapsulate the hydrophobic drug model indomethacin, 

and enhance its solubility in water (Figure 1.2.2.1b).64  

 

 

Figure 1.2.2.1. (a) Chemical structure of poly(pyridinium) salt containing 

calix[4]arene unit (left) and its interaction with DNA studied by TEM (right). 

(Adapted from ref. 63). (b) Folic acid conjugated-Calix[4]arene for drug delivery 

by forming the host−guest inclusion with indomethacin. (Adapted from ref. 64). 
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In terms of biocompatibility, the water-soluble p-

sulfonatocalix[n]arenes  exhibit low toxicity, and the in vivo dosage 

can reach up to 100 mg kg-1 without a toxic effect in mice.65  

In 2012 Liu e co-workers developed an enzyme-responsive 

supramolecular vesicle by employing biocompatible p-

sulfonatocalix[4]arene (SC4A) to deliver the drug tacrine, 

specifically for the treatment of Alzheimer’s disease.66  The binary 

vesicle formed by the host-guest complexation between SC4A and 

myristoylcholine exhibited highly specific and efficient 

responsiveness to cholinesterase enzyme that could break the 

hydrophilic-hydrophobic balance, leading to the disassembly of the 

binary vesicle and thus the release of loaded drugs. Such kind of 

binary vesicles could be achieved using other host molecules 

(Figure 1.2.2.2.).  

 

 

 

Figure 1.2.2.2. Amphiphilic assembly of myristoylcholine in the presence of 

SC4A for responsive drug release. (Adapted from ref. 66). 
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Thus far, water soluble CAs have found wide applications in the 

solubilization of hydrophobic drugs, biomimic of ion channels, 

biochemical recognition, drug/gene delivery, and enzyme-like 

activity. In addition to their host-guest chemistry, some CAs have 

also shown interesting inhibition activities toward virus,67 

bacterial,68 fungus,69 and some cancers.70  

 

1.2.3. Pillar[n]arenes 

Pillar[n]arene assemblies based on host-guest interactions have 

shown great potential in biology, especially in recognition of 

biomolecules, cell imaging, drug delivery, and biomedicine.40a 

The parent pillar[n]arenes are totally insoluble in water, for this 

reason many strategies have been proposed to improve water 

solubility by introducing water-soluble functional groups such as 

phosphates, carboxylates, oligoethers, polyethers, amines, and 

ammoniums. Ogoshi et al. reported the synthesis of the first water 

soluble pillar[5]arene derivative, known as carboxylato-

pillar[5]arene (WP5), along with its ability to form strong 1:1 

inclusion complex with paraquat in aqueous medium.71  Yang et 

al.72 recently designed tryptophan-pillar[5]arene, which resulted 

highly water-soluble. Hou and co-workers73 reported a cation 

transport system based on pillar[5]arene capable of voltage-driven 

reversible insertion in a lipid bilayer (Figure 1.2.3.1). 
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Figure 1.2.3.1. Schematic representation of the artificial voltage-gated ion channel 

prepared by the incorporation of positively charged Arg units to pillar[5]arene 

side chains. Cation transport through the ion channel is regulated by voltage-

dependent reversible insertion of the artificial ion channel in the lipid bilayer. 

(Adapted from ref. 73). 

 

Recently, Schalley et al.74 presented a versatile, simplified 

hydrophobic guest transport system based on the water soluble 

pillararene WP5 (Figure 1.2.3.2). The supramolecular interaction 

between WP5 derivative and the drug Norharmane (NHM) 

exhibited an improvement of the water solubility of the bioactive 

molecule and, compared with the individual NHM, the NHM/ 

WP5 supramolecular transport showed a significant reduction of 

the drug’s cell toxicity. 
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Figure 1.2.3.2. Schematic description of the supramolecular hydrophobic guest 

transport system based on pillar[5]arene (WP5). (Adapted from ref. 74). 

 

 

In 2013, Wang and co-workers managed to construct a novel type 

of supramolecular vesicles with a thin thickness of about 7 nm, 

where the self-assembly process was driven by the host-guest 

inclusion between a water soluble pillar[6]arene (WP6) and 

hydrophobic ferrocene derivative N-1-decylferrocenylmethylamine 

(G), in aqueous environment (Figure 1.2.3.3.).75 Then the anticancer 

drug mitoxantrone (MTZ) was encapsulated in the vesicles. The 

rapid MTZ release under acidic pH indicates the potential 

application of this vesicle carrier for controlled drug release inside 

the cancer cells. The drug delivery system was tested against 

SMMC-7721 cancer cell and NIH3T3 normal cell, respectively. Very 

recently, Wang and co-workers reported another multiple stimuli-
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responsive supramolecular vesicle by using WP6; in this system the 

anticancer drug Doxorubicin (Dox) was loaded and then released 

in a controllable manner.76 

 

 

Figure 1.2.3.3. Formation of a supramolecular vesicle and its pH-responsive drug 

release. (Adapted from ref. 75). 

 

Pei and co-workers77 synthesized a Ferrocenium-capped 

amphiphilic-pillar[5]arene (FCAP) able to self-assemble into 

cationic vesicles with high loading efficiency for polyanionic 

siRNA. When exposed to a reducing agent (glutathione), the 

disassembly of the cationic vesicles was achieved, and up to 92% of 

the model drug Dox was released to cancer cells. 
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Figure 1.2.3.4. formation of cationic vesicles, and their redox-responsive 

drug/siRNA release. (Adapted from ref. 77). 

 

Considering the advancements on pillar[n]arenes over such as a 

short time span and their ever-expanding applications, 

pillar[n]arenes will undoubtedly emerge as indispensable 

cyclophanes in biological applications.  
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Chapter 2 

Macrocyclic amphiphiles 
 

2.1. Introduction 

In the field of self-assembly systems, amphiphiles are a class of 

interesting molecules containing both hydrophilic and hydrophobic 

portions connected by covalent bonds.  

 

 

Figure 2.1.1. Conventional amphiphiles. 

 

When dissolved in aqueous media, the hydrophilic component of an 

amphiphile tends to interact with the aqueous phase while its 

hydrophobic part prefers staying in the nonpolar solvent or residing in 

the air.1 Thus they are able to self-assemble in water into various well-

defined structures, ranging from simple micelles and vesicles to highly 

organized nanofibers, nanohelices, nanotubes, nanorods and nanosheets. 

Furthermore, after an external stimuli, such as temperature, 

concentration, pH and ionic strength,2 they are also able to reorganize 

their structure. 
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Amphiphiles play a significant role in nature at many different levels, 

from peptides, proteins and genes (e.g. DNA, RNA) to viruses and cell 

membrane.3 Inspired by nature, researchers engineered and produced 

artificial self-assembly structures which have been widely applied in 

many fields including nanodevices, drug/gene delivery and cell 

imaging.4 Over the past decades, among all kinds of synthetic 

amphiphiles, macrocyclic amphiphiles obtained from macrocyclic 

scaffolds have captured much attention due to their unique superiority 

in the self-assembly process. Compared with traditional linear 

amphiphiles, macrocyclic amphiphiles can be designed to promote their 

self-assembly into various well-defined architectures by locating 

hydrophilic and hydrophobic chains on the respective sides of the 

macrocyclic frameworks.  

This chapter will describe the experimental results on the synthesis and 

aggregation properties of new amphiphilic macrocycles based on anionic 

and neutral calixarenes and a cationic cyclodextrin, together with 

different applications in the recognition and/or encapsulation of 

different substrates.  

 
2.2. Macrocyclic amphiphiles based on calixarenes 

Calix[n]arenes are macrocyclic oligomers composed of n phenolic units 

linked by methylene groups at the meta-positions, forming a unique 

basket shape.5 Due to their unique structure and facile functionalization 

of both upper and lower rims, calix[n]arenes have been widely used to 

construct macrocyclic amphiphiles. The most obvious feature that 

distinguishes these amphiphiles from conventional linear surfactants is 
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the presence of a cavity that can be used to include guest molecules. In 

fact, calixarene-based surfactants were defined by Shinkai as 

“surfactants with a host–guest recognition site”.6 

 

Figure 2.2.1. Cartoon and chemical structure of an amphiphilic calix[4]arene. 

 

The parent calixarenes show effectively zero solubility in aqueous 

solution, and undoubtedly this property is the one which delayed the 

biopharmaceutical application of calixarene derivatives as compared to 

cyclodextrins and crown ethers. Various methods have been developed 

since the 1980s to obtain water-soluble calixarenes through 

functionalization at three possible sites: at the phenolic functions, para to 

the phenolic groups, and by modification of the methylene bridges. 

Ungaro and co-workers reported the first example of such a compound 

in 1984, with carboxylic acid groups coupled to the lower rim of a 

calix[4]arene.7 More recently, functions such as phosphates, ammonium 

groups or sulfonates functions have been used. Regen et al., in 1989, 

prepared vesicles by injecting a tetrahydrofuran solution of an 

unmodified calix[6]arene into water.8 From then on, various kinds of 

amphiphilic calix[n]arenes were synthesised to investigate their self-
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assembly behaviors. In 2001, Shahgaldian et al. demonstrated that further 

modification of the acyl-calix[4]arenes could be used to generate 

calixarene analogues of the natural phospholipids.9 

Among the several calixarene-based surfactants described in the 

literature, p-sulfonatocalix[n]arenes bearing alkyl groups at the lower 

rim are probably the most studied.10 Conversely, apart from Shinkai’s 

pioneering work,11 very few examples of lower rim O-alkylsulfonato 

derivatives have been thoroughly investigated.12 Upon micelle 

formation, unlike their p-sulfonato analogues, O-alkylsulfonato-

calixarenes direct their hydrophobic cavities towards the inner core of 

the micelle, exposing their charged moieties to bulk water. As a result, 

they are expected to display different recognition, solubilisation and 

aggregation properties than their upper rim analogues. 

Among neutral calixarene-based surfactants, a series of large-ring 

PEGylatedcalix[6,7,8]arene analogues have been synthesised and are 

able to modify the growth of M. tuberculosis in infected cells.13 In 2011, 

Zhu et al.14 took advantage of the host-guest interaction between a 

PEGylated calix[4]arene and the hydrophobic chlorin e6 to form 

supramolecular polymeric micelles, which exhibited more efficient 

photodynamic therapy efficacy than the free chlorin e6 (Figure 2.2.2).  

Raston et al. established new micellular delivery systems based on 

phospholipid calix[4]arenes with potent antioxidant activity.15 
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Figure 2.2.2. Representation of supramolecular polymeric micelles based on host–guest 

interaction. (Adapted from ref. 14). 

 

2.2.1. Our contribution to anionic calixarene-based surfactants: results and 

discussion 

During 2013 my research group reported on the synthesis of a new 

water-soluble p-tert-butylcalix[5]arene 1, bearing O-4-butylsulfonato 

groups at the lower rim, and its aggregation properties in water.16 

 

 

Figure 2.2.1.1. Calixarene 1. 
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According to the method previously reported for calixarene 1, two new 

amphiphilic calixarenes bearing O-4-butylsulfonato pendant groups at 

the lower rim (p-tert-calix[4]arene 2 and p-methyl-calix[5]arene 3; Scheme 

2.2.1.1) were synthesized and their aggregation properties investigated. 

 

 

Scheme 2.2.1.1. Synthesis of p-tert-butylcalix[4]arene 2 and p-methyl-calix[5]arene 3. 

 

Amphiphilic calixarene 2 and 3 were obtained (in 64% and 56% yields, 

respectively) from p-tert-butylcalix[4]arene and p-methylcalix[5]arene, by 

reaction with 1,4-butanesultone (3 equiv. x OH) and NaH (3 equiv. x 

OH) in refluxing anhydrous THF for 48 hours. The white powder 

obtained after addition of MeOH was collected, washed with EtOH, 

redissolved in water and finally precipitated by the salting-out method 

using a solution of sodium acetate. As expected, both derivates 2 and 3 
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showed an amphiphilic nature. The detailed amphiphilic features of 

derivatives 2 and 3 will be reported in the next section and in Chapter 4 

respectively. 

 

2.2.2. Self-assembly of amphiphilic anionic calix[4]arene 2 and drug 

solubilisation.‡ 

Here I will describe a deep insight on the aggregation properties of the 

amphiphilic p-tert-butylcalix[4]arene tetra-O-butylsulfonate (2) by means 

of complementary techniques, 1D and 2D NMR, Dynamic light 

scattering (DLS) and atomic force microscopy (AFM). Furthermore the 

ability of the micellar aggregates of calixarene 2 to increase the solubility 

of poorly water soluble drugs was also studied.  

The amphiphilic nature of derivative 2 was immediately tested through 

preliminary NMR experiments. The 1H NMR spectrum of 2, recorded at 

a low concentration ([2] = 0.2 mM, D2O), displays a set of sharp 

resonances typical of calixarene species adopting a cone conformation 

(Figure 2.2.2.1a).17 In particular the presence of singlets at 6.87 and  

0.97 ppm (relative to the aromatic and tert-butyl hydrogens, respectively) 

together with one single AX system ( 4.31  and 3.13 ppm, J = 12.5 Hz) 

for the axial and equatorial hydrogens of the bridging methylenes, 

experiencing different magnetic anisotropy generated by aryl residues, 

confirm the cone conformation of derivative 2. Upon increasing the 

concentration to 1.4 mM (Figure 2.2.2.1b), the resonances broaden, 

indicating that an aggregation process is taking place, and thus 

                                                           
‡ The experimental results reported in this section have been already published: Barbera L. et al., 

Org. Biomol. Chem., 2015, 13, 6468. 
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confirming the surfactant nature of 2. A comparison of traces (a) and (d) 

in Figure 2.2.2.1 revealed that the resonances relative to the aromatic and 

the tert-butyl hydrogens underwent an upfield shift upon concentration. 

This can be explained considering that in the micelle, calixarene 

molecules are forced to stay closer and, as a consequence, some 

resonances resulted affected by the anisotropic shielding of the aromatic 

rings of surrounding calixarenes. 

A closer inspection of the aromatic region in traces (b) and (c) revealed a 

second broad signal for the aromatic protons at  6.78 ppm (see arrows 

in Figures 2.2.2.1b and 2.2.2.1c), whose intensity increases until it 

becomes the predominant species in solution (for [2] ≥ 4.0 mM, Figure 

2.2.2.1d) and can be assigned to the formation of micellar aggregates. 

The concomitant presence of two close but distinct sets of aromatic 

signals indicates a slow exchange on the NMR time-scale between the 

two species (monomer and micelle). This phenomenon is quite unusual 

in conventional surfactants but has been already reported for some 

amphiphilic calixarenes.18 
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Figure 2.2.2.1. 1H NMR (500 MHz, 298 K, D2O) spectra of calix[4]arene 2 at different 

concentrations: (a) 0.2 mM, (b) 1.4 mM, (c) 2.3 mM and (d) 4 mM. 

 

The critical micellar concentration (cmc) for 2 in D2O was determined by 

diffusion-ordered NMR (DOSY)19 studies, using calixarene solutions in 

the 10.0–0.10 mM concentration range. In table 2.2.2.1 are reported the 

Diffusion Coefficients (D2,obs) for selected resonances (SCH2) which were 

found isochronous in the concentration range investigated and therefore 

represent the weighted average Diffusion Coefficients for monomers and 

micelles present in solutions. As can be observed, the values of D2,obs 

decreases (from 2.52  10-10 to 0.80  10-10 m2/s) by increasing the 

concentration of derivative 2. This result is consistent with the formation 

of bigger, and therefore slower diffusing species (micelle). A cmc of 1.15 

mM was estimated from the intersection point of the two lines best 

fitting the experimental data points obtained by plotting the self-

diffusion coefficient (D2,obs) vs. the inverse of the concentration of 
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calixarene 2 (Figure 2.2.2.2). Another research group determined for the 

same calixarene a cmc of 1.76 mM by surface tension analysis.20 

 

[2] (mM) D2,obs  10–10 (m2/s) 

10 0.80 ± 0.03 

7.5 0.88 ± 0.03 

5 0.98 ± 0.01 

4 1.14 ± 0.03 

3 1.33 ± 0.08 

2.8 1.38 ± 0.01 

2.6 1.43 ± 0.03 

2.5 1.48 ± 0.01 

2.4 1.49 ± 0.01 

2.3 1.54 ± 0.02 

2.2 1.58 ± 0.02 

2.1 1.62 ± 0.03 

2.0 1.70 ± 0.03 

1.9 1.76 ± 0.01 

1.8 1.82 ± 0.02 

1.7 1.88 ± 0.04 

1.6 1.94 ± 0.04 

1.5 2.01 ± 0.03 

1.4 2.08 ± 0.02 

1.3 2.16 ± 0.01 

1.2 2.20 ± 0.02 

1.1 2.28 ± 0.03 

1.0 2.35 ± 0.02 

0.9 2.39 ± 0.03 

0.6 2.47 ± 0.02 

0.4 2.48 ± 0.01 

0.2 2.52 ± 0.01 

0.1 2.52 ± 0.02 

 

Table 2.2.2.1. Diffusion coefficients (D2,obs) of the species present at 298 K in D2O 

solutions of calixarene 2 at different concentrations. Data were calculated from DOSY 

experiments, using the SCH2 resonance ( = 2.89 ppm) as the probe signal. 
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A closer inspection of the concentration ranges slightly below and above 

the cmc (see the insert in Figure 2.2.2.2) showed the presence of two 

distinct break points (at 0.83 mM and 1.41 mM, respectively), reasonably 

ascribable to two distinct aggregation phenomena of 2. The former (0.83 

mM) likely refers to the initial formation of small oligomers 

(premicelles)21 seen – on the NMR time-scale – in a fast-exchange regime 

with the monomers. The latter (1.41 mM), on the other hand, most 

probably indicates the onset of micellar aggregation (Figure 2.2.2.1b).  

As the concentration of 2 increases further (above 3.0 mM), new peaks 

appear in the 1H NMR spectrum (see arrows in Figure 2.2.2.1d) and, 

accordingly, new aggregates form as a result of an additional structural 

transition (micelle–micelle or micelle–vesicle). These newly-formed 

aggregates could not be studied by NMR because of the poor solubility 

of 2 at concentration above 10 mM.  

 

 

Figure 2.2.2.2. Plot of the self-diffusion coefficients (D2,obs) vs. the inverse of the 

concentration of calixarene 2 in D2O at 298 K. 
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The hydrodynamic radii (Rh) of the monomer (7.9 Å) and the micelle 

(24.9 Å) were conveniently obtained from the D2,obs values determined 

below ([2] = 0.1 mM) and above ([2] = 10.0 mM) the cmc, using the 

Stokes–Einstein equation (Dobs = kBT/6Rh) which correlates Diffusion 

Coefficient and hydrodynamic radii assuming a spherical shape of the 

objects under investigation. 

Additional evidence corroborating micelle formation was obtained from 

2D NOESY studies (Figure 2.2.2.3.). The spectrum of a 5.0 mM solution 

of 2 shows NOE cross-peaks for all the calixarene resonances. 

Interestingly, there are cross-peaks indicating the proximity of the 

upper-rim tert-butyl hydrogen atoms and the lower-rim butanesulfonate 

residues of adjacent calixarene molecules. The absence of cross-peaks in 

the spectrum of 2 in the monomeric form (0.5 mM) demonstrates the 

intermolecular origin of the NOEs mentioned earlier (i.e., [2] = 5.0 mM), 

suggesting that in the micellar aggregate the calixarene units are 

probably arranged in a staggered fashion (Figure 2.2.2.4).22 

 

 

Figure 2.2.2.3. 2D NOESY spectra of: (a) [2] = 5.0 mM, (b) [2] = 0.5 mM. 
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Figure 2.2.2.4. Schematic representation of staggered calixarene molecules within a 

micelle. Arrows indicate relevant NOE cross-peaks. 

 

As already observed for the homologous calix[5]arene,23 NMR 

quantitative analysis of D2O solutions of calixarene 2 below the cmc, 

carried out using the quantitative qNMR software Varian Vnmrj 3.2,  

showed an apparent discrepancy between the nominal and the 

detectable concentrations of monomers in solution (for example, for [2] = 

0.2 mM, a concentration of [2] = 0.1 mM was calculated), indicating that 

NMR “invisible” aggregates of 2 were present even at low 

concentrations. This finding is in line with previous observations on the 

tendency of amphiphilic calixarene-type surfactants to aggregate below 

the cmc in large infinite structures (“open model”24). In order to confirm 

the presence of such big aggregates, dynamic light scattering (DLS) 

experiments were performed on solutions of calixarene 2 below the 

estimated cmc value. The DLS experiments (Figure 2.2.2.5) revealed the 

presence of two populations of very large aggregates, with 

hydrodynamic radii of approximately 100 and 300 nm. The number 

fraction of the 300 nm aggregates was found to be about 0.03.25  
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When 0.5 and 5.0 mM aqueous solutions of 2 were pre-filtered through a 

0.45 m Millipore membrane, the 100 nm aggregates became even more 

predominant, with the number fraction of the larger aggregates (300 nm) 

decreasing to about 0.01 and becoming almost negligible in the two 

solutions, respectively (Figure 2.2.2.5b). Remarkably, no smaller micellar 

aggregates (i.e., in the 2 nm range) were visible by DLS either before or 

after filtration. The obtained results demonstrated that a combined use of 

DOSY – for the smaller aggregates – and DLS – for the larger ones, 

“transparent” to NMR26– is necessary to get a full picture of the 

aggregation behaviour of amphiphilic molecules such as 2.27  

 

 

Figure 2.2.2.5. Size distributions of the calixarene 2 aggregates in aqueous solution: (a) 

[2] = 0.5 mM; (b) [2] = 0.5 and 5.0 mM (black and red trace, respectively) after filtration 

through a 0.45 μm Millipore filter. 

 

Further information on the morphology of the aggregates were finally 

provided by atomic force microscopy (AFM) measurements. As showed 
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in figure 2.2.2.6, derivative 2 tends to form complex structures, most of 

them having an average diameter of 100–200 nm, though many smaller 

particles (ca. 50 nm) are also visible (Figure 2.2.2.6.). 

 

 

Figure 2.2.2.6. AFM topography image of calixarene 2. 

 

All these data indicate that calixarene 2 self-assembles in premicelles and 

very large aggregates below the cmc, as schematically depicted in Figure 

2.2.2.7. 

 

Figure 2.2.2.7. Cartoons of the aggregation process. 



40 

 

Micellar systems find medical and pharmacological applications as drug 

delivery systems, especially thanks to their ability to solubilise in 

aqueous media poor-water soluble drugs. Moreover their reduced size, 

loading and releasing abilities, governed by their cmc, make micelle-

based drug delivery systems more advantageous than other systems 

such as water soluble polymers or liposomes.  

In order to test the potential of amphiphilic calix[4]arene 2 to act as a 

molecular carrier upon micelle formation, we decided to investigate its 

ability to increase the water solubility of the nonsteroidal anti-

inflammatory hydrophobic drugs naproxen (4) and flurbiprofen (5).  

 

 

Figure 2.2.2.8. Structures of naproxen (4) and flurbiprofen (5). 

 

In these experiments, a fixed amount of solid 4 or 5 (5 mol) was added 

to 1 mL of the surfactant solution above the cmc ([2]= 5 mM, D2O) 

previously filtered through a 0.1 m Millipore filter, and the samples 

were stirred at room temperature overnight. The solutions were then 

centrifugated to remove undissolved solid. The 1H NMR spectra of 

naproxen and flurbiprofen in D2O prior to and after segregation within 

the 5.0 mM micellar solution of 2 are shown in Figure 2.2.2.9. In both 

cases under examination, all the resonances of 4 and 5 underwent 

significant complexation-induced shifts, as a result of an interaction 
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between the drug and the micellar environment provided by 2. In order 

to rule out the formation of inclusion complexes between 2 (as a 

monomer) and the two drug molecules, parallel extraction experiments, 

were performed below the cmc (Figure 2.2.2.10.).  

 

 

Figure 2.2.2.9.1H NMR (500 MHz, 298 K, D2O) spectra of: (a) [2] = 5.0 mM; (b) 4 after 

extraction with a 5.0 mM solution of 2; (c) [4] = 0.14 mM; (d) 5 after extraction with a 5.0 

mM solution of 2 and (e) [5] = 0.13 mM. 

 

As shown in Figure 2.2.2.10 for drug 5, adding increasing amount of 2 (in 

the 0.25 – 0.75 mM range, that is below the cmc) to a 0.13 mM solution of 

flurbiprofen (5) did not produce any detectable complexation-induced 

shifts of the drugs’ resonances. These data confirm that the drug 

molecule was not encapsulated inside the calixarene cavity, but rather 

located in the lipophilic palisade of the micellar aggregate. 
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Figure 2.2.2.10. Flurbiprofen (5) extraction experiments with 2 below the cmc: a) [5] = 

0.13 mM; b) [2] = 0.25 mM, [5] = 0.13mM; c) [2] = 0.5 mM, [5] = 0.13 mM; d) [2] = 0.75 

mM, [5] = 0.13 mM. 

 

To confirm this hypothesis 2D NOESY NMR experiments were used to 

shed light on the location and orientation of the drugs within the 

micelles.  

 

Figure 2.2.2.11. Section of the 2D NOESY spectrum (500 MHz, 298 K) of a D2O solution 

of 2 and 4. 
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In the case of 4, the α-CH3 group shows NOE interactions with the 

hydrogen atoms of both the aromatic and the aliphatic moieties of 2 

(Figure 2.2.2.11.) 

In the case of Flurbiprofen (5) stronger correlation peaks of the aromatic 

signal at  7.19 ppm with all the calixarene resonances (red circles in 

Figure 2.2.2.12.), demonstrated the presence of NOE contacts. Cross-

peaks are consistent with the aromatic unit of 5 and the lower-rim 

aliphatic moieties of 2 being in close proximity. All these findings 

suggest that both naproxen and flurbiprofen molecules most likely 

reside within the micellar palisade of 2, oriented in such a way that the 

aromatic ring of the drug points towards the interior of the micelle, 

where they can experience favourable interactions with the 

calixarene outer faces, while the carboxylic acid moiety points in the 

opposite direction, towards the bulk.  

 

 

Figure 2.2.2.12. Section of the 2D NOESY spectrum (500 MHz, 298 K) of a D2O solution 

of 2 and 5. 
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Our next objective was to estimate the degree of solubilisation of the two 

drugs by the calixarene micellar solutions. To this purpose, three 

different solutions of 2 with concentrations above the cmc (2.5, 5.0 and 

10.0 mM) were employed for solid–liquid extraction experiments with a 

fixed aliquot of drug samples (5 moles). After 24 h stirring at room 

temperature, the resulting suspensions were centrifuged to remove the 

undissolved 4 or 5, as well as any large calixarene/drug aggregates 

formed, and then the concentrations of the calixarene and 

naproxen/flurbiprofen present in the supernatant were determined by a 

quantitative NMR protocol. 

Data in Figure 2.2.2.13 show the amount of naproxen and flurbiprofen 

solubilised as a function of the surfactant concentration. The linear 

correlation observed is a clear evidence that the water solubility of these 

drugs28 significantly improves with increasing calixarene concentration. 

Molar solubilisation capacities of 0.20 and 0.51, for naproxen and 

flurbiprofen respectively, were derived from the slope of the linear 

regression. To the best of our knowledge, these results compare well 

with those reported for other anionic surfactants.29 

 

 

Figure 2.2.2.13. Plots of drug vs. calixarene concentrations determined by quantitative 

NMR. 
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It is a matter of fact that the extent of segregation of molecules bearing 

acid moieties inside anionic micelles depends on the pKa of the target 

molecule, that is, the lower the pKa of the target molecule, the stronger 

the repulsion between the acidic guest (in the deprotonated form) and 

the anionic head-groups of the micelles is expected to be, thus decreasing 

the solubilisation efficiency.30 On the other hand, it is known that the 

pKa of lipophilic carboxyl acids may increase in the hydrophobic 

medium of micelles with respect to aqueous solution.31 Naproxen and 

flurbiprofen (pKa ca. 4.2–4.8)32 are not fully ionized in an aqueous 

solution of calixarene 2 (pH 5.4) and, as a result, the undissociated form 

can easily be incorporated inside the anionic micelles. 

Being aware that quantitative NMR measurements cannot indicate the 

molar fraction of drug molecules segregated inside very large aggregates 

(Rh = 100–300 nm) – as these are “NMR invisible”– the total 

concentration of naproxen dissolved in an aqueous 5.0 mM micellar 

solution of 2 was also investigated by UV spectroscopy. To this end, to 

avoid the potential overlapping of calixarene and naproxen absorbance 

bands during the analysis in aqueous solution, naproxen was extracted 

in CHCl3 and its concentration was spectrophotometrically determined, 

in the absence of 2, before and after filtration of the aqueous solutions 

through 0.1 m Millipore filters.  
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 UV (prior filtration) UV (after filtration) NMR 

Dissolved Naproxen 

mM 

mg/mL 

 

0.85 ± 0.03 

0.196 ± 0.007 

 

0.63 ± 0.03 

0.145 ± 0.07 

 

0.63 ± 0.05 

0.145 ± 0.011 

 

Table 2.2.2.2. UV and NMR determination of naproxen (4) solubility in a 5.0 mM 

micellar solution of 2. 

 

Data obtained (Table 2.2.2.2.) for the filtered solutions ([4] = 0.63 ± 0.03 

mM) are in excellent agreement with the NMR measurements, whereas 

slightly higher values were found for the unfiltered ones ([4] = 0.85 ± 

0.03 mM), thus indicating that the bigger aggregates of 2 are also able to 

encapsulate the drugs under investigation (Figure 2.2.2.14).  

 

 

Figure 2.2.2.14. Cartoons of the drugs encapsulation inside the aggregates. 

 

 

The affinity of drugs 4 and 5 for the micellar environment of calixarene 2 

was also demonstrated by means of DOSY measurements. Data in Table 

2.2.2.3 show that the diffusion coefficients of naproxen and flurbiprofen 

decrease from 5.47–5.66  10–10 m2/s (for the free species) to values closer 

to those of the calixarene micellar aggregates. These results clearly 
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demonstrate that the translational mobility of 4 and 5 is considerably 

reduced as a result of their binding to the micelles. 

Moreover, the diffusion coefficients of calixarene 2 in drug-encapsulated 

micelles (D2,drug Table 2.2.2.3) are even smaller than those measured for 2 

on its own (D2). These latter values were calculated in D2O solutions of 

calixarene 2 at concentrations equivalent to those measured (by 

quantitative NMR) in the supernatant of the solid-liquid extraction 

experiments mentioned earlier (i.e., [2] = 2.5 and 2.8 mM in the cases of 4 

and 5 respectively). The decrease of D2,drug values indicates that upon 

drug encapsulation, micellar aggregates of calixarene 2 grow in size.  

 

 Ddrug Ddrug,2 D2,drug 

4 5.47  0.08 1.58  0.04 0.98  0.02 

(D2 = 1.38  0.01 at 2.5 mM) 

5 5.66  0.07 1.29  0.02 1.01  0.02 

(D2 = 1.480.01 at 2.8 mM) 

 
Table 2.2.2.3. Diffusion coefficients ( 10–10 m2/s) of drugs 4 and 5 on their own 
(Ddrug), after extraction with a 5.0 mM solution of 2 (Ddrug,2), and 2 after binding the 
drug (D2,drug). 

 

These findings were further confirmed through AFM images showing, 

especially in the case of the flurbiprofen (Figure 2.2.2.15), a different 

micellar morphology. 
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Figure 2.2.2.15. AFM images of a) 2 + 4; b) 2 + 5. 

 

2.2.3. PEGylated-Calix[5]arenes: results and discussion 

Due to its biocompatibility, polyethylene glycol (PEG), is widely used to 

functionalize bioactive molecules for drug delivery and nanotechnology 

applications.33 Because of the several applications of PEGylated 

substrates, considering the biological activity of large-ring PEGylated 

calixarenes,13 the potentials of any calix[4]arene derivatives as drug-

delivery systems,14 and inspired by the recent report on the 

supramolecular PEGylation of the insulin protein by a PEGylated 

cucurbit[7]uril,34 during my PhD project, I synthesised new water 

soluble neutral PEGylated-calix[5]arenes via the modification of the 

lower rim.  

Calix[5]arenes 6 and 7 were synthesised in one step (Scheme 2.2.3.1), 

respectively by reacting p-tert-butyl-calix[5]arene or p-methyl-

calix[5]arene with MeOPEG550-OTs (3 equiv. x OH) and K2CO3 (3.5 

equiv. x OH) in refluxing anhydrous CH3CN. Purification through 

multiple chromatographic separations (CH2Cl2/MeOH 98:2 – 9:1) gave 

pure 6 and 7 in 40% and 44% respectively. 
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This new family of macrocycles displays a great solubility in both 

organic solvents and in water. 

 

 

 

 

Scheme 2.2.3.1 Synthesis of calix[5]arenes 6 and 7. 

 

The synthesised PEGylated-calix[5]arenes were characterized by means 

of NMR spectroscopic techniques in both organic and aqueous solvents. 

1H NMR spectra of calix[5]arenes 6 and 7 in organic solvent (CDCl3) 

show the typical resonances of p-alkyl-calix[5]arenes adopting a C5v cone 

conformation (Figures 2.2.3.1a and 2.2.3.2a), that is one singlet for the 

6 

7 

Yield = 40 %  

 

 

% 

Yield = 44 %  

 

 

% 
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aromatic hydrogen atoms, one AX system for the bridging methylenes 

and one singlet for p-tert-butyl or p-methyl groups.  

In line with its amphiphilic nature, when dissolved in D2O, calixarene 6 

showed broad signals (trace 2.2.3.1b) indicating that an aggregation 

process is taking place in this solvent. Notwithstanding the broadening 

of signals, the broad singlets for aromatic and tert-butyl hydrogens 

atoms revealed that the calixarene framework maintained a regular cone 

conformation. Unexpectedly the 1H NMR analysis of a D2O solution of 

calixarene 7 (trace 2.2.3.2b) showed a very complex broad spectrum not 

compatible with a regular cone conformation.  

It is known that calixarene derivates may display, depending on the 

substituents at both the upper and lower rim, conformational 

interconversions to the non-cone structures. In the case of calix[5]arene 

derivates the so called “upper-rim-through-the-annulus” rotation is 

allowed only when hydrogen is present in the para-position, while 

groups bulkier than a propyl residue completely inhibit the “lower-rim-

to-the-annulus” interconversion.35 On this basis, the interconversion of 

cone 7 to less regular conformers could be ruled out and the complexity 

of the NMR spectrum was ascribed to a very distorted, and hence not 

symmetrical cone conformation (trace 2.2.3.2b). Upon increasing the 

temperature (T >338 K) the distorted conformation of calixarene 7 

evolved into a predominant regular cone conformation (Figures 2.2.3.3a-

e). 
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Figure 2.2.3.1 1H NMR (500 MHz, 298 K) spectra of: (a) [6] = 5.0 mM, CDCl3. [6] = 5.0 

mM, D2O. 

 

 

Figure 2.2.3.2 1H NMR (500 MHz, 298 K) spectra of: (a) [7] = 8 mM, CDCl3, 298 K; (b) [7] 

= 8 mM, D2O. 

 

The presence of five distinct resonances for the methyl groups are more 

evident at lower temperature (T = 278 K, trace a Figure 2.2.3.3) in the 

region 2– -ppm. In particular the high field resonance at 

~1.ppm indicates that derivative 7 probably adopts an overall cone-

in conformation with one methyl group leaning toward the interior of 

the cavity and therefore being affected by the anisotropic shielding of the 

calixarene cavity. 
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Figure 2.2.3.3 1H NMR (500 MHz, D2O) spectra of: (a) [7] = 8 mM, 278 K; (b) [7] = 8 mM, 

288 K; (c) [7] = 8 mM, 308 K; (d) [7] = 8 mM, D2O, 328 K; (e) [7] = 8 mM, D2O, 353 K. 

 

NMR spectroscopy revealed to be unsuitable to determine the very low 

cmc value for these new surfactants, these values being conveniently 

determined by the Rose Bengal micellization method.36 Dyes such as 

Merocyanine, Eosin, Rhodamine, Rose Bengal and Sudan are known to 

show a shift in their absorption maximum wavelength (max) when 

included in the apolar environment of micelles.  

 

 

Figure 2.2.3.4 Absorption spectra of Rose Bengal in water (red line) and in an apolar 

medium ( black line). 
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In particular, Rose Bengal in water shows a max at 546 nm, while in an 

apolar environment max shifts to 563-565 nm (Figure 2.2.3.4).In order to 

determine the aggregation features of derivates 6 and 7, a series of 10 M 

solutions of Rose Bengal containing different amounts of calixarenes 6 or 

7 (in the range 0 – 1 mM) were prepared and stirred overnight. The cmc 

was estimated by plotting the absorbance at  = 563 nm vs. the 

concentrations of 6 and 7. Graphics in figures 2.2.3.5b,d show three 

different regions with increasing the calixarene concentrations: a first 

linear trend compatible with the presence in solution of monomeric 

species, a clear change in the slope suggesting the formation of 

aggregates, an almost flattened region indicating that the aggregation 

process was completed (most of the dye shifted to the micelles). The 

experimental data obtained by the two lines best fitting the points gave a 

value of 0.5 M (1.73 mg/L) and 4.5 M (14.67 mg/L) respectively for 

calix[5]arene 6 and 7 (Figure 2.2.3.5a,c). These low values are about two 

orders of magnitude smaller than those usually obtained for traditional 

surfactants with similar characteristics37 (e.g. Triton X-100, cmc = 0.2—0.9 

mM) but are comparable with data already reported for PEGylated-

cyclodextrins.38  
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Figure 2.2.3.5. a) Absorption spectra of Rose Bengal 10 M at different concentrations of 

calixarene 6, starting from 0 (red line) to 250 M (blu line); b)Plot of dye absorbance at 

563 nm against concentration of calixarene 6; c) Absorption spectra of Rose Bengal 10 

M at different concentrations of calixarene 7, starting from 0 (red line) to 1 mM (blu 

line); d) Plot of dye absorbance at 563 nm against concentration of calixarene 7. 

 

Moreover, preliminary experimental data demonstrated that by heating 

(T= 338K) a solution of PEGylated-calix[5]arene/Rose Bengal (above the 

cmc), the Rose Bengal maximum wavelength shifted back from 563 nm 

to 553 nm, indicating that the drug was released from the micellar 

environment after an increasing of the temperature. Rose Bengal is 

currently used in ophthalmology for the diagnosis of dry eyes39 and as 

photosensitizer for the photodynamic therapy of tumors. However, the 

low lipid solubility of Rose Bengal has limited its capacity to cross 

biological barriers such as the cell membranes, and thus limits its clinical 

application.40 Low-cmc PEGylated-systems therefore represent 

interesting candidates for improving the drug lipophilicity by 

encapsulation inside the micellar environment and for favouring its 
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delivery after an external stimuli (e.g. heating). The presence of the 

macrocyclic cavity as a further “host-guest  recognition site” makes these 

derivatives fascinating tools for the non-covalent PEGylation of 

biological substrates. At the moment studies are in progress to determine 

the morphological features of the PEGylated calixarenes and their 

potential as supramolecular PEGylation agents for bioactive substrates 

through host-guest interactions. 

 

2.3. Macrocyclic amphiphiles based on cyclodextrins 

Cyclodextrins are cyclic oligosaccharides composed of six, seven, or 

eight D-glucose units (, , or  CDs, respectively) connected by -

1,4-glucosidic linkages, respectively.41 CDs assume a toroidal shape with 

the primary hydroxyl groups on the narrow side and the secondary 

hydroxyl groups on the wide side. The exterior of the cavity is highly 

polar due to the presence of hydroxy groups, while the interior is 

nonpolar, making them suitable and fascinating hosts for 

supramolecular chemistry.42 Thanks to their unique structural features 

and the easy modification on both sides, CDs are also good candidates 

for constructing macrocyclic amphiphiles. 

In early studies, several groups reported on amphiphilic cyclodextrin 

derivatives that form monolayers at the air–water interface,43 micelles in 

water44 and nanoparticles of pharmaceutical interest.45 Actually, thanks 

to their strong binding affinity for hydrophobic drugs, CDs constitute 

potential carriers for transport through biological barriers.46 In 

particular, it is thought that amphiphilic -CD derivatives interact with 

biological membranes due to their lipophilic character and many 
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modified cyclodextrins have been synthesized for that purpose.47 

Concurrently, studies have also shown that cationic entities may be 

anchored to membranes due to the electronic attraction force between 

the positive charge of these species and the negative charge of the lipid 

bilayers of the membrane.48  

During my PhD, I spent a six-months period in the research group of 

Professor L. García Río, working on amphiphilic cyclodextrins. In order 

to take benefits from both cationic and lipophilic properties, we have 

focused our attention on modified CDs containing a long-chain 

alkylammonium moiety. Mono- and per-substituted cationic -CDs with 

alkylammonium chains of different lengths have been object of studies 

over the past decades.49 In particular it has been argued about the 

possibility of the self-inclusion of the lipophilic alkyl chain of mono-

substituted derivatives inside the CD’s apolar cavity, and on the 

morphology of the aggregated systems. Contrary to what generally 

observed, Hapiot and coworkers49a concluded that in N-alkyl-N,N-

dimethylammonium--cyclodextrins the self-inclusion process decreased 

their amphiphilic character preventing the micellar aggregation to occur. 

To gain a deeper inside into the aggregation properties of N-alkyl-N,N-

dimethylammonium--CDs, the cationic -CDC14 8 was synthesized.49a 

The next section describes the self-assembly of the cationic water-soluble 

amphiphilic -CDC14 8 by means of different experimental techniques 

(conductivity, surface tension, turbidity, cryo-tem, DLS). Finally the 

location (cavity and/or bilayers) of different fluorescent probes was 

revealed by means of parallel experiments carried out on the native 

CD 9. 
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Figure 2.3.1. A schematic representation of β-CDC14 8. 

 

2.3.1. Results and discussion 

Mono-substituted cationic cyclodextrin 8 was synthesized according to 

the procedure reported in literature.49a  

 

 

 

Scheme 2.3.1.1. Synthesis of -CDC14  8. 

 

8 
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Starting from the native CD, mono-tosylated50 and monoiodide51 -

CDs were successively obtained (Scheme 2.3.1.1). The mono-iodide -

CDI was then reacted with the tertiary N,N-dimethyl-N-tetradecylamine 

affording the expected N-alkyl-N,N-dimethylammonium cyclodextrin -

CDC14 (8) in a  74% yield. The 1H NMR spectrum of derivative 8, as 

already reported by Hapiot et al.,49a shows that the two methyl groups 

bound on the nitrogen atom resulted chemically not equivalent (see 

arrows in Figure 2.3.1.1) as a consequence of the self-inclusion 

phenomenon of the alkyl chain inside the CD cavity.  

 

 

Figure 2.3.1.1. 1H NMR (300 MHz, 298 K) spectrum of cyclodextrin 8 ([8] = 2 mM; D2O). 

Asterisks indicates DMF from reaction. 

 

More recently, Chevalier et al.49b demonstrated that only the four 

terminal residues are involved in the intramolecular inclusion complex 

with the -CD head of similar long-chain alkylammonium -CDs, while 

the other part of the alkyl chain is in contact to water and contributes to 

the amphiphilic characteristics. Our experimental data are also in favour 

of an amphiphilic nature of long-chain cyclodextrins. In details, 

systematic measurements of surface tension, electrical conductivity and 

turbidity were carried out in order to explore any possible aggregation 
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processes and determine the critical aggregation concentration (cac). The 

experimental results gave values in the range 0.99 – 1.1 mM (Table 

2.3.1.1) and not relevant changes were observed on varying the 

temperature and the ionic force of the medium (see turbidity 

experiments Figure 2.3.1.3).  

 

 Surface Tension Turbidity Conductivity 

cac (M) 1.0 x 10-3 0.99 x 10-3 1.1 x 10-3 

 

Table 2.3.1.1. The cac values of cyclodextrin 8 determined by different experimental 

techniques. 

 

 

 

Figure 2.3.1.2.  Plot of the surface tension values (ST) vs. the concentration of -CDC14   

8 in H2O at 298 K. 

 

Focusing on the conductivity experiments (Figure 2.3.1.4), a close 

inspection of the diagram obtained by plotting the conductivity 

experimental data vs the concentration of 8, shows the presence of two 

distinct break points at the intersections of the line best fitting the 

experimental points: according with the other techniques the cac was 

derived from the clear break point at 1.1 mM; the inflection point in the 

1 mM 
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region below the cac (at 12 M) is probably ascribable to an initial 

aggregation process. 

 

       

Figure 2.3.1.3. (left) Plot of the Turbidity vs. the concentration of β-CDC14: (black) in 

H2O at 298 K; (purple) in NaCl 3 M at 298K. (right) Plot of the Turbidity values vs. the 

concentration of β-CDC14  in H2O: green at 288 K, black at 298 K, blue at 308K, red at 

318K. 

 

 

Figure 2.3.1.4. Electrical conductivity K vs. the concentration of cyclodextrin 8 in 

aqueous solutions at 298K. 

 

The morphology of -CDC14 aggregates was obtained by means of Cryo-

tem experiments from a 3 mM aqueous solution. As showed in Figure 

0.99 mM 

1.1 mM 
12 M 

 M 
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2.3.1.5 cyclodextrin 8 tends to form very large vesicles with a diameter in 

the 0.5-2 µm range. 

 

     
 

Figure 2.3.1.5. Cryo-tem images. 

 

In line with these observations, dynamic light scattering (DLS) 

experiments performed on a 10 mM solution of CDC14 (Figure 2.3.1.6) 

revealed the presence of a population of aggregates with a diameter of 

400-900 nm. When the same solution was pre-filtered through a 0.45 m 

Millipore membrane the presence of two different populations were 

observed, a predominant one with a diameter in the range 1-6 nm (red 

curve in the insert), and another of 100-400 nm (Figure 2.2.1.6b). 
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Figure 2.3.1.6. Size distributions of the cyclodextrin aggregates in aqueous solution: (a) 

[8] = 10 mM (red line 298 K; green line 338 K); (b) [8] = 10 mM (298 K) after filtration 

through a 0.45 μm Millipore filter. 

 

Considering all the experimental results, we suggest that after the initial 

formation of small aggregates (probably micelles or smaller aggregate) at 

~10-5 M, the aggregation process evolves into the formation of large 

bilyered vesicles as evidenced by Cryo-tem measurments (Figure 

2.2.1.7.). 

 

 

Figure 2.2.1.7. Cartoons of the aggregation process. 

 

a) b) 
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As observed for calixarene amphiphiles, also cyclodextrin-based 

aggregates offer two different guest recognition sites: the apolar cavity 

and the lipophilic bilayer of vesicles. In order to determine the binding 

site of different fluorescent probes inside the vesicles, a series of 

preliminary fluorescence experiments were performed both with the 

nativeCD and the modified CDC14 by using Pyrene (10) and 8-

Anilino-1-naphthalenesulfonic acid (ANS, 11). 

 

 
         10    11 

 

Figure 2.3.1.8. Chemical structures of Pyrene (10) and ANS (11). 

 

It is known that fluorescence spectra of pyrene undergo considerable 

modification due to changes in the solubility, mobility and 

microenvironment of the probe.52 To test the aggregation ability of -

CDC14, fluorescence emission spectra of pyrene were recorded at 

increasing concentration of -CDC14, and results compared with a 

parallel experiment with native -CD. The titration curve, obtained by 

plotting the ratio (I1/I3) of the intensities of pyrene fluorescent peaks vs 

-CD concentrations is shown in Figure 2.3.1.9a. It is known that in 

aqueous media pyrene is included in the apolar cavity of -CD yielding 

to a -CD/pyrene 1:1 and 2:1 complexes.53  
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The trend observed for the two -CDs below the previously determined 

cac value (~1 mM) is in line with a predominant interaction with the 

cyclodextrins’ cavities. On increasing the concentration above 1 mM, it 

can be observed that the I1/I3 ratio of Pyrene in CDC14 solutions (I1/I3 

= 0.94) decreases at a lesser extent than in the CD solutions (I1/I3 = 

0.80). These data may indicate that below the cac Pyrene is involved in 

the formation of a 1:2 stoichiometry complex;52 as far as aggregation 

occurs, pyrene molecules are moving from the cyclodextrin’s cavity to 

the lipophilic environment of the aggregates. Because water is able to 

penetrate inside the core of a micelle or the bilayer of a vesicle,54 when 

located in these environment Pyrene senses a more polar surrounding 

than in the capsular space provided by the two cyclodextrins’ cavities. 

 

 
Figure 2.3.1.9. a) Dependence of the Pyrene I1/I3 emission intensity ratio with 

increasing concentrations of -CDC14 (black curve) and -CD (red curve). b) 

Dependence of the pyrene I1/I3 emission intensity ratio of 𝛽-CDC14   solution ([8] = 8  

10-4 M) upon addition of increasing amounts of N,N,N-trimethyl-1-adamantyl-iodide. 

 

To confirm our hypothesis, increasing amount of N,N,N-trimethyl-1-

adamantyl ammonium iodide (12) were added to a 8  10-4 M solution of 

-CDC14, that is below the cac. It’s reported that adamantyl derivatives 

a b 
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form 1:1 inclusion complexes with -CDs with high values of the 

association equilibrium constant, typically between 104 – 105 M-1.55 

 

 

 

Figure 2.3.1.10. N,N,N-trimethyl-1-adamantyl ammonium iodide (12). 

 

Because it is known that aggregation phenomena are affected by the 

ionic force, first of all we checked that the cac did not change as a 

consequence of the addition of salt 12. To this aim, conductivity 

experiments were performed in a -CDC14/12 1 : 5 ratio; the 

experimental results did not show any change of the cac value (Figure 

2.3.1.11). 

 

 

Figure 2.3.1.11. Electrical conductivity K vs. the concentration of cyclodextrin 8 (-

CDC14/12 1 : 5 ratio) in aqueous solutions at 298K. 

 

12 
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As it can be seen in Figure 2.3.1.9b, an increased concentration of 12 

determined a decrease of the I1/I3 ratio (up to 0.94). This demonstrates 

that, as a consequence of the greater affinity of -CDs towards the 

adamantyl residue, pyrene molecules move from the cavity towards an 

apolar environment and not to the aqueous solution. This result confirms 

the formation, below the cac value, of smaller aggregates with lipophilic 

domains as already evidenced by the conductivity experiments. All the 

results obtained using pyrene as a fluorescent probe confirmed that at 

lower concentration of surfactant the interaction of Pyrene with the 

cavity is favoured while above the cac or after an external stimulus (e.g. 

upon addition of a competitive guest), Pyrene prefers to shift into the 

lipophilic environment of the aggregates. 

The seven-unit glucose host molecules are also known to form 1:1 and 

2:1 complex with ANS in aqueous solution.56 

In agreement with previous works, the fluorescence spectra of ANS in 

water with excitation at 350 nm show the existence of a low intensity 

short wavelength band at 530 nm. Addition of β-CDs results in a 

dramatic increasing of the fluorescence intensity accompanied by a 

gradual blue shift in the emission maximum (em) of ANS. Such changes 

are indicative of the penetration of ANS into the hydrophobic cavities 

resulting in the formation of ANS–β-CDs complexes.  

Here, the fluorescence titration of ANS with CDC14 showed a larger 

increase of the fluorescence intensity and of the correspondent blue shift 

when compared with the native CD under the same experimental 

conditions (Figures 2.3.1.12 and 2.3.1.13). 
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Furthermore, such changes are observed at lower concentrations if 

compared with the native CD. Such data could indicate a stronger 

interaction with the cavity or the interaction of the guest with a different 

site.  

 

 

Figure 2.3.1.12. (Left) Fluorescence spectra of ANS (2 x 10-5 M) upon addition of 

increasing concentrations of -CD in aqueous solution, ranging from 0 (bottom) to 8 x 

10-3 M (top spectrum). (Right) Plot of emission maximum position (max) and 

normalised fluorescence intensity at 505.07 nm (Iobs/IANS). 

 

 

 

Figure 2.3.1.13. (Left) Fluorescence spectra of ANS (2 x 10-5 M) upon addition of 

increasing concentrations of -CDC14 in aqueous solution, ranging from 0 (bottom) to 

6.2 x 10-3 M (top spectrum). (Right) Plot of emission maximum position (max) and 

normalised fluorescence intensity at 505.07 nm (Iobs/IANS). 
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Since the long chain self-inclusion might hinder the inclusion of the 

guest inside the cavity, while favourable electrostatic interactions 

beetween the ANS solfonate group SO3- and the ammonium group of -

CDC14 can be established, in our opinion the ANS guest is located in the 

lipophylic region of the aggregates. 

 

2.4. Conclusions   

This chapter reported the experimental results on the synthesis and 

aggregation properties of macrocycles based surfactants of different 

nature (calixarenes, cyclodextrins) together with different applications 

that make them good candidates as carriers for different substrates 

(drugs, fluorescence probe etc.). 
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2.5. Experimental section  

2.5.1. Materials 

THF, CH3CN and DMF were dried by standard methods prior to use; -

CD, 8-Anilino-1-naphthalenesulfonic acid (ANS), Pyrene, N,N-

Dimethyltetradecylamine, Rose Bengal, Amantadine, Naproxen and 

Flurbiprofen were reagent grade and were used without further 

purification. p-tert-Butylcalix[4]arene, p-methylcalix[5]arene were 

synthesized according to literature procedures.57  

 

2.5.2. Experimental methods 

NMR experiments. 1H and 13C NMR spectra were recorded at 500 or 300 

and 125 or 75 MHz respectively. Diffusion Ordered NMR Spectroscopy 

(DOSY) and NOESY studies were performed on a Varian 500 MHz 

spectrometer equipped with a pulse-field gradient probe. DOSY spectra 

were recorded at 25 °C using a Doneshot pulse sequence. Experimental 

parameters were optimized according to the sample under investigation. 

Diffusion gradients were incremented in 30 steps with gradient pulse 

amplitudes varying from 1.6 to 50 gauss/cm, the number of transients 

acquired for each increment ranging from 16 to 128, with a diffusion 

gradient length of 2–4 ms and diffusion delays in the 150–200 ms range. 

All measurements were performed in triplicate and the reported values 

are the mean ± standard deviation of the mean. The hydrodynamic radii 

(Rh) were obtained using the Stokes-Einstein equation: Dobs = kBT/6Rh, 

where kB is the Boltzmann constant, T is the temperature (K) and  is the 

viscosity of the solvent (Pa s). 2D NOESY experiments were carried out 
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using a 500 ms mixing time, 16 transients for each increment (512 in 

total) and a relaxation time of 3 s. 

Drug solubility. The solubility of the drugs naproxen (4) and 

flurbiprofen (5) in D2O surfactant solution of different concentrations 

(2.5, 5.0 and 10.0 mM) was measured by NMR. A fixed amount of solid 4 

or 5 (5 mmol) was added to 1 mL of the surfactant solution previously 

filtered through a 0.1 mm Millipore filter and the sample was 

equilibrated at room temperature for at least 24 h. The solutions were 

centrifugated (6000 rpm) for 10 minutes to remove undissolved solid. 

The “detectable” concentrations of the remaining calixarene and micelle-

encapsulated naproxen/flurbiprofen in the supernatant were 

determined from the integral of selected peaks by using the quantitative 

qNMR software Varian Vnmrj 3.2. 

UV solubility measurements were performed using a Varian Cary 50 

Scan UV-Visible spectrophotometer. 2 mL of naproxen/surfactant 

solution ([2] = 5.0 mM) were prepared as described above. After 

centrifugation, one half of the supernatant solution was filtered through 

a 0.1 mm Millipore filter. Aliquots of filtered and unfiltered solutions 

(0.5 mL each) were allowed to stir for 24 h with 1 mL of CHCl3. Finally 

0.5 mL of the organic solutions were diluted with CHCl3 (1 mL) and 

Naproxen concentration was determined by UV spectroscopy at  = 318 

nm. 

Dynamic light scattering (DLS) for calixarenes aggregates. DLS 

measurements were carried out using a 35 mW polarized He-Ne laser 

source (l = 632.8 nm). The polarized scattered light was collected at 90°, 

in a self-beating mode, using an Avalanche Photodiode (Single Photon 
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Counting Module) by Excelitas Technologies. The signal was sent to a 

Malvern 4700 submicrometer particle analyzer system to measure the 

intensity autocorrelation function, g2(t). The intensity autocorrelation 

function is related to the scattered electric field correlation function g1(t) 

through the Siegert’s relation: g1(t)[g2(t)-1]1/2. Determination of the size 

distribution from the field correlation function g1(t) was obtained 

through a Laplace inversion:  

   )(ln/exp)()(1  dtAtg  

where =1/(DQ2), D and Q being the diffusion coefficient of the particle 

and the exchanged momentum of the scattered light, respectively. The 

diffusion coefficient D is related to the hydrodynamic radius through the 

Einstein-Stokes relation. A discrete multi-exponential non-negative least-

squares fit (NNLS) was used to perform this inversion procedure. 

The spectral amplitude A is related to the scattered intensity of each 

species (with radius R), which, in turn, depends on its number 

concentration, n, on the radius R and on its form factor P(QR). By using 

the Rayley-Gans form factor of a sphere it is possible to obtain the 

number distribution as: 

 2)cos()sin(
)(

QRQRQR

A
aRn





 

where a is a constant giving the normalization to unity of the number-

weighted size distribution. 

Dynamic light scattering (DLS) for cyclodextrin aggregates. The 

hydrodynamic diameters were determined with a Malvern-ZetaSizer 

ZS90 apparatus, which uses dynamic light scattering at a 90° dispersion 

angle to measure the particle size. Particle diffusion in Brownian motion 
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is converted to a size distribution using the Stokes-Einstein equation. 

AFM. Atomic force microscopy was performed using an Ntegra probe 

NanoLaboratory from NT-MDT working in tapping mode and 

employing a Vit-p as probe. The sample was prepared dropping 10 L of 

a solution of 2 (0.1 M) on the 110 surface of an electronic grade silicon 

wafer and the sample was dryed under vacuum. 

Cryo-TEM. Cryo-TEM experiments were performed by using a Holey 

Carbon support film on a 400-mesh copper grid. After glow-discharge to 

make hydrophilic the carbon film, a 3 µL drop of the sample was 

deposited onto the grid. Then the grid was mounted on a plunger (Leica 

EM-CPC) and blotted with a Whatman No.1 filter paper. The aqueous 

suspension containing exosomes was immediately vitrified by rapid 

immersion in liquid ethane. The grid with the vitrified samples was 

mounted on a Gatan 626 cryo-transfer system and inserted into the 

microscope. Images were obtained using a Jeol JEM 2011 cryo-electron 

microscope operated at 200 kV, under low-dose conditions, and using 

different degrees of defocus (500–900 nm) to obtain an adequate phase 

contrast. 32 Images were recorded on a Gatan Ultrascan US1000 CCD 

camera. The images were acquired and analyzed with the Digital 

Micrograph 1.8. 

Rose Bengal micellization method. A fixed amount of Rose Bengal (10 

M) was added to different solutions of PEGylated surfactants (in the 

range 0 – 1 mM). The mixtures were stirred overnight and then UV 

measurements were performed using a Varian Cary 50 Scan UV-Visible 

spectrophotometer. 



73 

 

Surface tension. Surface tension experiments were performed by using a 

tensiometer K10-Kruss and the temperature was maintained at 25  1°C 

through an external circuit. 

Turbidity. UV measurements for the detection of turbidity (τ) values 

were performed using a Varian Cary 50 Scan UV-Visible. Samples were 

contained in square 1 × 1 cm2 quartz cells of L = 1 cm optical path. The 

spectra recorded in the 400-800 nm wavelength range and baseline 

corrected by the absorbance of pure water did not show absorption 

bands. The turbidity (τ) was calculated from the absorbance A taken at 

500 nm wavelength as Aln(10) ⁄ L. 

Conductivity. Conductivity measurements of surfactant solutions were 

done using a Radiometer conductivity meter MeterLab CDM210 

equipped with a CDC565 electrode of cell constant 0.929 cm-1. The 

conductivity was measured in a double jacketed sample holder 

thermostated at 25  1°C.  

Fluorescence experiments: -CDs and Pyrene. A stock solution of 

Pyrene (8 x 10-5 M) was prepared in ethanol; a stock solution of 

adamantyl (1.33 x 10-1 M) was prepared in Milli-Q water; -CDs 

solutions were prepared in Milli-Q water and aliquots of Pyrene and 

Adamantyl stock solution were added. The concentration of Pyrene was 

maintained at 8 x 10-7 M in all the solutions. The samples prepared for 

spectroscopic measurements were used immediately after preparation. 

The excitation wavelength was 334 nm and the solution temperature was 

maintained at 298 ± 0.1 K by means of an external circulating water bath. 

Fluorescence experiments: -CDs and ANS. A stock solution of ANS (1 

x 10-3 M) was prepared in Milli-Q water; -CDs solutions were prepared 
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in Milli-Q water and an aliquot of the ANS stock solution was added. 

The concentration of ANS was maintained at 2 x 10-5 M in all the 

solutions. The samples prepared for spectroscopic measurements were 

used immediately after preparation. The excitation wavelength was 350 

nm and the solution temperature was maintained at 298 ± 0.1 K by 

means of an external circulating water bath. 

 

2.5.3. Synthetic procedures 

Sodium p-tert-butyl-calix[4]arene-tetra-O-(4-butoxysulfonato) (2):  

p-tert-Butylcalix[4]arene (400 mg, 0.61 mmol), an excess of NaH (177.5 

mg, 7.4 mmol) and 1,4-butane sultone (1 g, 7.4 mmol) were mixed in 

anhydrous THF (40 mL) and refluxed for 48 h. The mixture was allowed 

to cool to room temperature and MeOH (10 mL) was added. The 

precipitate was collected by filtration, washed with EtOH, dissolved in 

10 mL of water and finally precipitated by the salting-out method with 

sodium acetate. After centrifugation, the solid was separated and 

refluxed in EtOH (40 mL) for 24 h. The white powder (508 mg, 64%) was 

collected by filtration.  

M.p. 305–310 °C (dec.). 1H NMR (0.2 mM, D2O)   0.97 (s, C(CH3)3, 36 H), 

1.79–2.03 (m, OCH2(CH2)2, 16 H), 2.89 (t, J = 7.9 Hz, SCH2, 8 H), 3.13 and 

4.31 (AX, J = 12.5 Hz, ArCH2Ar, 8 H), 3.83 (br t, OCH2, 8 H), 6.87 (s, Ar, 8 

H) ppm; 13C NMR (5.0 mM, D2O)   23.7, 31.5, 33.2, 34.1, 36.4, 53.9, 77.3, 

127.9, 136.9, 147.5, 156 ppm. Anal. Calcd for C60H84Na4O16S4: C, 56.23; H, 

6.61; S, 10.01; Found: C, 55.93; H, 6.61; S, 9.97. 
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Sodium p-methylcalix[5]arene-tetra-O-(4-butoxysulfonato) (3):  

p-methylcalix[5]arene (200 mg, 0.33 mmol), an excess of NaH (119 mg, 

4.95 mmol) and 1,4-butane sultone (674 mg, 4.95 mmol) were mixed in 

anhydrous THF (25 mL) and refluxed for 48 h. The mixture was allowed 

to cool to room temperature and MeOH (5 mL) was added. The 

precipitate was collected by filtration, washed with EtOH, dissolved in 5 

mL of water and finally precipitated by the salting-out method with 

sodium acetate. After centrifugation, the solid was separated and 

refluxed in EtOH (20 mL) for 24 h. The white powder (257 mg, 56%) was 

collected by filtration.  

M.p. 300–310 °C (dec.). 1H NMR (1 mM, D2O)  1.76-1.90 (m, 

OCH2(CH2)2, 20 H), 1.96 (s, C(CH3), 15 H), 2.87 (t, J = 7.9 Hz, SCH2, 10 H), 

3.25 e 4.33 (AX, J = 14.4 Hz, Ar-CH2-Ar, 10 H), 3.79 (br t, OCH2, 10 H) e 

6.71 (s, Ar 10H) ppm. 13C NMR (D2O, 10 mM) δ 22.6, 23.6, 31.7, 53.7, 69.3, 

76.2, 126.8, 132.1, 136.9 e 155.18 ppm. Anal. Calcd for C60H75Na5O20S5: C, 

51.79; H, 5.43; S, 11.52; Found: C, 51.63; H, 5.44; S, 11.49. 

 

PEGylated-p-tert-butyl-calix[5]arene (6):  

p-tert-Butylcalix[5]arene (200 mg, 0.25 mmol), an excess of K2CO3 (605 

mg, 4.38 mmol) and MeOPEG550-OTs (2.64 g, 3.75 mmol) were mixed in 

anhydrous CH3CN (25 mL) and refluxed for 72 h under inert 

atmosphere. After evaporating the solvent, the mixture was dissolved in 

deionized water (20 mL) and extracted with CH2Cl2 (2 x 100 mL). The 

combined organic extracts were evaporated under reduced pressure to 

afford a yellowish paste, which was purified by column chromatography 

(CH2Cl2/CH3OH from 98:1 to 9:1, v/v). The purified product was 

obtained as a yellow liquid (347 mg, 40%). 
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1H NMR (8 mM, CDCl3)  1.00 (s, C(CH3)3, 45 H), 3.23 and 4.51 (AX, J = 

14.2 Hz, ArCH2Ar, 10 H), 3.37 (s, 15H, OCH3), 3.53-3.81 (m, 260 H, 

OCH2CH2O), 6.87 (s, Ar, 10 H). 13C NMR (8 mM, CDCl3)  29.5, 31.3, 

33.9, 59, 70.5, 70.6, 71.9, 72.4, 125.4, 133.7, 144.8, 152.4 ppm.  

 

PEGylated-p-methyl-calix[5]arene (7):  

p-methyl-calix[5]arene (200 mg, 0.33 mmol), an excess of K2CO3 (798 mg, 

5.77 mmol) and MeOPEG550-OTs (3.49 g, 4.95 mmol) were mixed in 

anhydrous CH3CN (25 mL) and refluxed for 72 h under inert 

atmosphere. After evaporating the solvent, the mixture was dissolved in 

deionized water (20 mL) and extracted with CH2Cl2 (2 x 100 mL). The 

combined organic extracts were evaporated under reduced pressure to 

afford a yellowish paste, which was purified by column chromatography 

(CH2Cl2/CH3OH from 98:1 to 9:1, v/v). The purified product was 

obtained as a yellow liquid (473 mg, 44%). 

1H NMR (13 mM, CDCl3)  2.03 (s, p-Me, 15 H), 3.18 and 4.46 (AX, J = 

14.3 Hz, ArCH2Ar, 10 H), 3.37 (s, 15 H, OCH3), 3.53-3.86 (m, 260 H, 

OCH2CH2O), 6.58 (s, Ar, 10 H). 13C NMR (13 mM, CDCl3)  20.8, 29.9, 59, 

70.5, 71.9, 72, 129.1, 131.7, 133.8, 152.8 ppm.  

 

N-tetradecyl-N,N-dimethylammonium-β-cyclodextrin49a (β-CDC14) (8): 

To a stirred solution of mono-iodo--CD51 (1 g, 0.8 mmol) in dry DMF 

(40 mL) N,N-Dimethyltetradecylamine was added (3.86 g, 16 mmol). The 

reaction mixture was stirred for 72 h at 80 °C under inert atmosphere. 

After removal of the solvent, the residue was washed several times (3 - 4 

times) under stirring in a mixture of acetone–chloroform. The insoluble 

http://www.sigmaaldrich.com/catalog/product/aldrich/41653
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powder was recovered by filtration and precipitated in a mixture water-

acetone (872 mg, 74%). 

1H NMR (300 MHz, D2O) 4.96 (d, 1 H, H-1 ammonium–glucose), 4.89 

(s, 6 H, H-1 -CD), 3.94 (t, 1 H, H-5 ammonium–glucose), 3.71–3.34 (m, 

43 H, H-2, H-3, H-4, H-5, H-6, H-6 -CD, H-2, H-3, H-4, H-6, H-6 

ammonium–glucose and CH2), 3.16 (s, 3 H, CH3–N+), 2.99 (3 H, CH3–

N+) 1.69-1.75 (m, 2 H, CH2), 1.33–1.02 (m, 22 H, -CH2 (CH2)9CH2- ), 0.72 

(t, 3 H, CH3). 13C NMR (75 MHz, D2O) 102.4, 101.9, 100.2 82.9, 81.1, 79.2 

73.7–71.6 67.1, 63.6, 61.5, 60.1, 54.1, 53.2, 24.73, 19.55, 13.43, 12.9, 12.2, 

11.9. 

 

N,N,N-trimethyl-1-adamantyl-iodide (12): 

N,N,N-trimethyl-1-adamantyl quaternary ammonium salt was 

synthesized from amantadine by two-steps reactions according the 

method already reported in literature.58 
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Chapter 3 

 

Calix[5]arene-based Supra-amphiphiles 

 

3.1. Supramolecular amphiphiles (supra-amphiphiles) 

In contrast to conventional amphiphiles, the field of supramolecular 

amphiphiles was developed on the basis of noncovalent interactions and 

dynamic covalent bonds (Figure 3.1.1). 

 

 

 

Figure 3.1.1. Evolution from amphiphiles to supra-amphiphiles. (Adapted from ref. 1). 

 

Indeed, supramolecular amphiphiles 1  (supra-amphiphiles) are a new 

class of surfactants where the hydrophilic head and the hydrophobic tail 

are connected by means of noncovalent interactions such as electrostatic 

interactions,  stacking, hydrogen bonding, charge-transfer 

interactions and host-guest recognition. In contrast with conventional 

amphiphiles, supra-amphiphiles display some advantages.  
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First of all an easier chemical synthesis, since different functionalities can 

be introduced separately on the hydrophobic and hydrophilic 

components. Secondly, but not less important, the possibility of a fine 

modulation of their self-assembling with a large variety of chemical or 

physical stimuli (pH, redox properties, light, host-guest recognition, etc.) 

that can easily affect the dynamic nature of noncovalent interactions, 

thus promoting reversible assembling-disassembling and structural 

transitions in the colloidal systems under investigation.  

There are two main strategies for fabricating supra-amphiphiles 

according to the structure of the building blocks. One is to create 

amphiphilicity by the combination of the hydrophilic and the 

hydrophobic parts through noncovalent interactions or dynamic 

covalent bonds. The other strategy is to modulate amphiphilicity by 

modifying conventional covalent amphiphiles with the techniques of 

noncovalent synthesis. So far, various topologies of supra-amphiphiles 

have been achieved, such as single-chain head-to-tail, multi-chain head-

to-tail and bolaform ones. 

In the emerging field of supra-amphiphiles, water soluble or amphiphilic 

macrocycles represent very promising candidates for the construction of 

novel supramolecular surfactants, thanks to the unique recognition 

properties of the macrocyclic cavity and the reversibility of the host-

guest interactions. Recently, numerous examples with the most popular 

classes of macrocycles (cyclodextrins,2 cucurbiturils,3 pillararenes4) have 

been reported. For example, as shown in Figure 3.1.2.a., Jeon et al 5 

utilized an amphiphilic viologen derivative, naphthalene diol, and 

curcubit[8]uril (CB[8]) to prepare a supra-amphiphile in a facile manner. 
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The amphiphilic alkyl viologen itself self-assembled in aqueous solution 

to form micelles. However, when naphthalene diol was added, a 1:1 

charge-transfer complex was formed inside the cavity of CB[8], leading 

to the formation of a supra-amphiphile with single-chain head-to-tail 

topology. After complexation, the size of the hydrophilic viologen 

headgroup increased, leading to a decrease in the packing parameter 

and further resulting in the transformation from micelles to vesicles. The 

single-chain head-to-tail topology can be logically extended to the 

multichain head-to-tail structure.  

 

 

Figure 3.1.3. a) Single-chain head-to-tail supra-amphiphiles; b) Schematic illustration of 

a peptide-containing multichain head-to-tail supra-amphiphile with pH 

responsiveness. (Adapted from ref. 5,6). 

 

As depicted in Figure 3.1.3.b, Versluis et al 6  utilized a modified 

amphiphilic β-CD and an adamantane-terminated octapeptide to form 

multichain head-to-tail supra-amphiphile via the strong and specific 
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host−guest interaction between β-CD and adamantane groups. The 

octapeptide contained valine and aspartic acid moieties alternately. 

Under neutral and basic conditions, the aspartic acid groups would 

deprotonate and repulse each other, and the supra-amphiphiles self-

assembled to form vesicles. As far as the calixarene family is concerned, 

the complexation-induced aggregation of water-soluble derivatives has 

been largely exploited with anionic p-sulfonatocalix[4]arenes 7  and p-

sulfonatocalix[6]arenes.8 

Complexation of the smaller anionic calix[4]arene with cationic guests 

afforded several examples of supra-amphiphiles which led to vesicle 

assemblies with drug-delivery potentials and enzyme and photolytic 

responsiveness.7 It has been further demonstrated that, when mixing 

aqueous solutions of cationic conventional surfactants and water soluble 

(but non amphiphilic) p-sulfonato anionic calixarene9 the latter efficiently 

modulate the aggregational properties of the surfactants lowering their 

critical micellar concentration (cmc) as a result of the combined 

formation of a new host-guest amphiphile and of catanionic mixed 

system.  

When ionic gemini guests (bolaform surfactants) are used to induce the 

host-guest interaction with oppositely charged not amphiphilic p-

sulfonatocalix[n]arenes, 10  a number of different complexation-mode 

have been postulated depending on numerous factors: stoichiometry of 

the complex (H/G 1:1 or 2:1), length of the spacer in the gemini guests, 

number of charges and volume of the guest head-groups (Figure 3.1.4.). 
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Figure 3.1.4. Possible Inclusion Manners between p-sulfonatocalix[n]arenes and gemini 

guests. (Adapted from ref. 10c). 

 

In contrast to bolaform amphiphiles based on covalent bonds, it’s 

possible to fabricate bolaform supra-amphiphiles by modulating various 

intermolecular interactions. Recently, Huang at al.11 constructed a bola-

type supra-amphiphile from a water-soluble pillar[5]arene (WP5) and an 

imidazolium functionalized rod–coil molecule driven by the WP5–

imidazolium molecular recognition (Figure 3.1.5).  

 

 

Figures 3.1.5. A bola-type supra-amphiphile from a water-soluble pillar[5]arene (WP5). 

(Adapted from ref. 11). 

 

           Type I                  Type II                    Type III                       Type IV                                       Type V 
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3.2. Calix[5]arenes and n-alkylammonium ions 

Over the past decades, calixarene12 have attracted considerable attention 

in the field of host–guest and supramolecular chemistry.

These cyclic oligomers of phenol possess robust frameworks that can 

safely undergo most organic transformations,13 allowing the synthesis of 

molecular receptors and tailor-made building blocks for the self-

assembly of complex supramolecular architectures. The remarkable 

host–guest properties of the less accessible calix[5]arenes were initially 

revealed by Fukazawa and Haino, in the mid-nineties, with a series of 

reports on calix[5]arene/fullerene complexes, formed as a result of the 

excellent stereoelectronic matching between the electron rich concave 

cavity of the calixarene and the -electron deficient convex surface of 

C60.14 In the same period, my research group showed that penta-O-

alkylated p-tert-butylcalix[5]arenes 1, frozen in a C5v-symmetric cone 

conformation, can recognize and bind (in an endo-cavity fashion) linear 

primary alkylammonium ions15 (Figure 3.2.1) thus paving the way for 

the attainment of different supramolecular systems such as capsular 

assemblies, 16  supramolecular-oligo/polymer, 17 hetero(poly)topic 

receptors,18 or sensing devices.19 
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                                                                 1n-BuNH3
+ 

Figure 3.2.1. Endo-cavity complexation of n-BuNH3
+: (left) chemical structure and 

(right) X-Ray structure. (Adapted from Ref. 15d). 

 

In solution, complexation is unambiguously supported by typical 1H 

NMR spectral features: the appearance of resonances in the high-field 

region of the spectra, typically assigned to the alkylammonium moieties 

included within the aromatic cavity of a calix[5]arene molecule and the 

down-field shift of the aromatic protons. This kind of complex is held 

together by the cooperative action of a number of weak non-covalent 

intermolecular forces, including ammonium cation- and CH-

interactions of the included alkyl chain with the aromatic wall of the 

calixarene cavity, as well as hydrogen-bond formation between the 

ammonium head and the ethereal oxygens.15d,20 

As an extension of this previous investigation, subsequent studies of the 

group have been directed to test the ability of p-tert-butylcalix[5]arenes 

(in the cone conformation) to act as endo-cavity receptors toward ,-

alkanediyldiammonium ions (H3N+-(CH2)n-NH3+, NCnN, n = 8, 9, 10, 12). 

Beside the expected formation of 1:1 H/G inclusion complexes (Figure 

3.2.2), ditopic ,-diammonium ions featuring a spacer of at least ten 

carbon atoms (NCnN, n = 10, 12) between the two polar heads display a 
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remarkable tendency to coordinate a pair of calix[5]arene units, which 

are oriented rim-to-rim to form a closed cavity encapsulating the shape-

complementary dication. As a consequence, the guest is symmetrically 

included inside the two cavities and, in the case of NC10N, only five 

resonances are observed in the high field region of the 1H NMR 

spectrum (Figure 3.2.2a). With shorter spacers the formation of the 

capsule in solution is hindered by severe steric repulsions between the 

upper rim substituents.16,17b,21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.2. (left) The high field region of the 1H NMR spectra (300 MHz, 295 K, 

CDCl3/CD3OD, 2:1) of mixtures of 1 and NC10N at different H/G molar ratios: (a) 

H/G=2; (b) H/G=1; (c) H/G=0.5. (right) (d) the 2:1 capsular assembly and (e) the 1:1 

inclusion complex. 

 

3.3. A calix[5]arene-based supra-amphiphile 

Recently, my research group reported on the synthesis of a new water-

soluble p-tert-butylcalix[5]arene 2 (Figure 3.3.1) bearing O-4-

butylsulfonato groups at the lower rim22 together with the evidence of its 

 

c) 

 

b) 

 

a) 

 

 

e) 

 

 

 

 

 

 

 

 

d) 
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amphiphilic nature and its application in the construction of a supra-

amphiphile upon complexation of linear n-dodecylammonium chloride 

salt (NC12) in water.  

 

Figure 3.3.1. Chemical structure of p-tert-butylcalix[5]arene 2. 

 

 

 

Figure 3.3.2. 1H NMR spectra (500 MHz, D2O, 298 K) of a 0.4 mM solution of calixarene 

2 (a) before and (b) after the addition of NC12 (1 equiv.). 
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The formation of the 2NC12 supra-amphiphile was unambiguously 

proven by the broadening of the 1H NMR resonances relative to the host-

guest complex (Figure 3.3.2) and further corroborated by Diffusion 

Ordered NMR Spectroscopy (DOSY) data.22 

The data reported were in agreement with the formation of a catanionic 

micelle23 in which alkylammonium ions are not only included inside the 

calixarene cavities, but also take part in the micelle formation process 

(Figure 3.3.3.). 

 

 

 

Figure 3.3.3. Schematic representation of the likely pathway leading to the formation of 

the NC122 supra-amphiphile and its aggregation in a catanionic micelle. 

 

Later, further investigations unveiled an apparent discrepancy between 

the nominal and the calculated concentrations of the amphiphilic O-

butylsulfonato-calix[5]arene monomer 2, the latter concentration being 

always nearly half than the former,24 when examined by quantitative 1H 

NMR analysis25 below its cmc (0.64 mM in D2O). Preliminary dynamic 

light scattering (DLS) measurements demonstrated the presence of large 

aggregates with a hydrodynamic radius (Rh) of about 100 nm, “invisible” 

by the NMR technique (Rh = 10.0 Å for monomer 2 from DOSY 
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experiments), even in aqueous solutions below their estimated values of 

cmc. This finding is in line with the reported tendency of amphiphilic 

calixarene-type surfactants to aggregate below the cmc in large infinite 

“open model” structures.26 

In this chapter is described a deeper insight into the aggregation 

properties of calixarene 2. Moreover, considering previous results on the 

endo-cavity complexation of ammonium guests inside the cavity of 

monomer 2,22,25 the next objective was to verify whether the water 

soluble calixarene 2 retained, also in aqueous media, the ability to 

encapsulate a molecule of gemini -alkanedyildiammonium ion in the 

hydrophobic space provided by the two head-to-head opposite 

calix[5]arene cavities.16  

 

3.4. Results and discussion 

3.4.1. Insight into the aggregation properties of calix[5]arene 2 and structures of 

the supra-amphiphiles  

The morphologies of colloidal systems (micelles, vesicles, bilayers) are 

closely related to the packing parameter of the surfactant (Ps = vc / aolc, 

where vc and lc are the volume and the length of the hydrophobic 

portion of the surfactant, and ao is the head group area), which is largely 

dictated by the molecular shape of the surfactant and the polar-head 

area. Conical shaped surfactants assemble into micelles whereas 

cylindrical surfactants form vesicles or linear bilayers. In the case of 

penta-anionic surfactant 2, ignoring for a moment the precise 

contribution of the electrostatic repulsions between head-groups to the 

overall structure, it is reasonable to imagine that this macrocycle would 
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either adopt a truncated-cone  or a cylindrical shape (Figure 3.4.1.1). As a 

result, upon self-assembly, it is predicted the formation of either micelles 

or lower-curvature layered structures (vesicles). These considerations 

may then explain the presence in solution of large aggregates (Rh ≈ 100 

nm), even below the cmc, as the only species detected by DLS analysis.  

 

Figure 3.4.1.1. Possible shapes of amphiphilic calix[5]arene  2. 

A complete scenario of the aggregates formed was finally offered by 

SEM investigations. Together with small spherical objects,27 SEM images 

showed the presence of nanograins (around 20 nm) aggregated to form 

elongated structures, relatively uniform in size (about 100 nm in length) 

and spatial distribution (Figure 3.4.1.2). 

 

     

Figure 3.4.1.2. SEM images of [2] = 0.1 mM. 
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To evaluate the ability of derivate 2 to bind -alkanedyildiammonium 

ions we performed a series of 1H NMR experiments with H3N+-(CH2)n-

NH3+ bis-chlorides of different lengths (n = 8, 10, 12, 16, NCnN) at [2] = 

0.4 mM in D2O, that is below its cmc, in a 2:1 and 1:1 2/ NCnN ratio, in 

order to assess, also in the aqueous medium, the slow mode of 

complexation on the NMR timescale, and to determine the optimal guest 

chain length capable of triggering the capsular assembly. The diagnostic 

high field and aromatic regions of the 1H NMR spectra of the 2:1 ratio 

([2] = 0.4 mM, [NCnN] = 0.2 mM), which should favour the 2:1 capsular 

complex, are reported in Figure 3.4.1.3. 

 

 

Figure 3.4.1.3. Selected aromatic and high-field regions of the 1H NMR spectra (D2O, 

500 MHz, 298 K) of: a) [2] = 0.4 mM; b) [2] = 0.4 mM and [NC8N] = 0.2 mM; c) [2] = 0.4 

mM and [NC10N] = 0.2 mM; d) [2] = 0.4 mM and [NC12N] = 0.2 mM; e) [2] = 0.4 mM 

and [NC16N] = 0.2 mM. 
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The high field region (0.5 to - 2.5 ppm) of traces b–e display, as a 

common feature, diagnostic sets of resonances, assigned to the endo-

cavity included methylene groups of the different gemini guests, 

strongly shielded by the aromatic rings of the calixarene host. On the 

contrary, two distinctive scenarios can be observed when looking at the 

aromatic region of the spectra in Figure 3.4.1.3: (i) the  6.96 ppm 

resonance relative to monomer 2 co-existed with other sharp and broad 

signals (traces b, d, e); (ii) monomer 2 is no longer present, having been 

replaced by a sharp signal at   7.32 ppm (trace c). 

When dealing with 1H NMR spectroscopy of amphiphiles, sharp 

resonances are indicative of the presence of small or discrete species, 

whereas broadening of the signals is indicative of the presence of bigger 

aggregates. On the basis of previous results, the broad aromatic upfield-

shifted signal at  6.80 ppm (arrows in Figure 3.4.1.3) was attributed to 

the aggregation of 2, induced by the addition of the cationic guest but 

without inclusion of the guest itself inside the macrocyclic cavity 

(electrostatic interaction/catanionic system). The low-field shift of the 

other aromatic resonances is instead consistent with the aromatic 

calixarene cavity involved in an endo-type recognition process of the 

cationic guests.  

Under our experimental conditions, depending on the spacer length and 

the host/guest ratio, two modes of complexation can be envisaged: a 1:1 

head-to-tail complex and a 2:1 capsule (type-I and type-II complexes 

respectively, Figure 3.4.1.4.). 
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Figure 3.4.1.4. Cartoons of the possible complexes and of the resulting aggregates in 

2/NCnN systems. 

 

These two kinds of complexes still posses hydrophilic charged head-

groups at both ends and can be considered as an oppositely charged 

bolaform head-to-tail supramolecular surfactant (type I) and a capsular 

bolaform supramolecular surfactant (type II) which, in turn, may further 

aggregate. It is well known that bolaform surfactants display, when 

compared with conventional surfactants with similar hydrophobic 

portions, an increased water solubility, due to the presence of charged 

head-groups on both ends, and higher cmc values. The presence of both 

sharp and broad signals in our experiments suggested that, under the 

experimental conditions adopted, the supramolecular species formed 

displayed different aggregational features.  
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A combined 1H NMR and 1H NMR Diffusion Ordered (DOSY) study 

provided a deeper insight into the different species present in solution. 

As mentioned earlier, after the addition of 0.5 equivalents of NC10N the 

aromatic signal of monomer 2 (singlet at  6.96 ppm) completely 

disappeared in favor of a sharp singlet at  7.32 ppm (Figure 3.4.1.3, trace 

b). The 1H NMR Diffusion Ordered (DOSY) experiment run on this 

sample ([2] = 0.4 mM, [NC10N] = 0.2 mM, D2O) (Figure 3.4.1.5) clearly 

showed the same diffusion coefficient (Dobs = 1.56 x 10-10 m2 s-1) for the 

calixarene and the high-field guest resonances.  

 

 

Figure 3.4.1.5. a) 1H NMR spectrum of [2] = 0.4 mM (D2O, 500 MHz, 298 K); b) DOSY 

spectrum (D2O, 500 MHz, 298 K) of [2] = 0.4 mM and [NC10N] = 0.2 mM. 

Assuming a spherical shape for both monomer 2 and its complex with 

NC10N, by using equation (eq. 1)28 

 

Dcomplex/Dmonomer = (Mmonomer/Mcomplex)1/3  (eq. 1) 
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which correlates the diffusion coefficients of the species under 

investigation and their molecular masses, and knowing Dmonomer = 1.98 x 

10-10 m2 s-1, a value of Mcomplex that is the double of Mmonomer 

(Mcomplex/Mmonomer = 2.05) was calculated. This is consistent with the 

formation of a capsular 2:1 2NC10N2 complex (type-II). In the capsule 

NC10N is symmetrically included inside the two calixarene cavities and, 

as a consequence, only five resonances are observed in the region  0.24 – 

-2.10 ppm. From previous observation on the effective concentration of 

monomer 2 below the cmc, considering that the solutions under 

investigation were [2] = 0.4 mM (but a 0.2 mM concentration of 

monomer could effectively be detected) and [NC10N] = 0.2 mM, and 

given the formation of a capsular complex, the presence of free guest 

was expected in solution. Closer inspection of the DOSY spectrum 

showed no free guest (DNC10N,free = 5.81 x 10-10 m2 s-1) while the resonances 

at  2.81 and 1.47 ppm are ascribable to guest molecules interacting with 

bigger species and therefore diffusing slower (Dobs = 0.97 x 10-10 m2 s-1).  

Contrary to the case of NC10N, the addition of 0.5 equiv. of either the 

shorter (NC8N) or the longer (NC16N) gemini guest  to a 0.4 mM solution 

of 2 caused the formation of NCnN2-type supramolecular 

bolaamphiphiles. The 1H NMR spectra of these solutions showed a 

broad low field signal ( 7.20–7.30 ppm; of low intensity in the case of 

NC8N) together with a single set of high field guest-included methylene 

resonances, all of them displaying comparable diffusion coefficients 

(Table 3.4.1.1). In line with our findings in organic solvents16 NC8N is too 

short to promote the formation of a capsular assembly, being this guest 

only able to generate a 1:1 endo-cavity complex (NC8N2). On the other 
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hand, given the close similarity of the spectral patterns of Figure 3.4.1.3  

(traces b and e), it is reasonable to conclude that in the case of the longer 

guest a similar 1:1 endo-cavity complex (i.e. NC16N2) has also been 

formed. In solution NC8N2 and NC16N2 complexes behave as 

oppositely-charged supra-bolaamphiphiles aggregating, in turn, with 

each other. In the case of the shorter guest, only a modest amount (10%) 

of NC8N2 is formed. Subsequent addition of 0.5 equivalents of NC8N 

([2] = [NC8N] = 0.4 mM) caused the self-assembly of 2 to increase, but 

did not induce any further endo-cavity inclusion of the guest ( = 6.80 

ppm; Dobs = 1.04 x 10-10 m2 s-1, Figure 3.4.1.6.). 

 

 

Figure 3.4.1.6. 1H NMR spectra (D2O, 500 MHz, 298 K) of (a) [2] = 0.4 mM; (b) [2] = 0.4 

mM, [NC8N] = 0.2 mM; (c)  [2] = [NC8N] = 0.4 mM; (d) [NC8N] = 0.4 mM. Dashed lines 

indicate selected resonances for: red) type-I aggregate; green) aggregate without endo-

cavity complexation. Asterisks indicates residual solvent peaks. 

 

On the contrary, in tha case of NC16N, nearly quantitative type I 
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aggregate was obtained when a stoichiometric amount of guest was 

added, indicating that with the longer guest the distance between the 

oppositely charged head-groups allows favorable electrostatic 

interactions in type-I aggregates (Figure 3.4.1.7). 

 

 

Figure 3.4.1.7. 1H NMR spectra (D2O, 500 MHz, 298 K) of (a) [2] = 0.4 mM; (b) [2] = 0.4 

mM, [NC16N] = 0.2 mM; (c)  [2] = [NC16N] = 0.4 mM; (d) [NC16N] = 0.4 mM. Dashed 

lines indicate selected resonances for: red) type-I aggregate; green) aggregate without 

endo-cavity complexation. Asterisks indicates residual solvent peaks. 

 

Finally, experiments with NC12N were pivotal to understand the 

stoichiometry and self-assembly features of these calix[5]arene-based 

supraamphiphiles. When 0.5 equiv. of NC12N were used, at least three 

different species, apart from monomer 2, can be identified in the 

aromatic region and two different sets of upfield-shifted methylene 

resonances for the guest (Figure 3.4.1.8, trace b). A comparison of the 
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different traces in figure 3.4.1.3 suggested that in this case both 1:1 and 

capsular bolaamphiphiles were formed. To verify our hypothesis we 

performed a series of additional experiments. When 1 equiv. of NC12N 

was added, in order to force the complexation event towards the 1:1 

complex, the sharp signal at  7.36 ppm disappeared, the spectrum in 

figure 3.4.1.8, trace c, closely resembling that with NC16N (broad signal 

at  = 7.20 ppm). An 8-fold dilution of this sample did not show any 

significant change in the spectral patterns (Figure 3.4.1.9). On the 

contrary, when experimental conditions favouring the formation of the 

capsular complex were adopted (2/NC12N 4:1 molar ratio, see figure 

3.4.1.10), the sharp signal at  7.36 ppm was predominant. These 

observations allowed us to assign the  7.36 ppm resonance to the 

capsular 2NC12N2 complex, the broad signal at  = 7.20 ppm (Dobs = 

1.11 x 10-10 m2 s-1) to the type-I aggregate, while the sharp aromatic 

resonance (7.27 ppm) overlapping with the broad 1:1 aggregate might 

be assigned to the monomeric 2NC12N supramolecular amphiphile 

(Figure 3.4.1.8).  
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Figure 3.4.1.8. 1H NMR spectra (D2O, 500 MHz, 298 K) of (a) [2] = 0.4 mM; (b) [2] = 0.4 

mM, [NC12N] = 0.2 mM; (c) ) [2] = [NC12N] = 0.4 mM; (d) [NC12N] = 0.4 mM. Dashed 

lines indicate selected resonances for: red) type-I aggregate; blu) type-II complex; 

green) aggregate without endo-cavity complexation. Asterisks indicates residual solvent 

peaks. 

 

Figure 3.4.1.9. 1H NMR spectra (D2O, 500 MHz, 298 K) of (a) [2] = 0.4 mM; (b) [2] = 

[NC12N] = 0.05 mM; (c) [2] = [NC12N] = 0.1 mM; (d) [2] = [NC12N] = 0.2 mM; (e) [2] = 

[NC12N] = 0.4 mM. Dashed lines indicate selected resonances for: red) type-I aggregate; 

green) aggregate without endo-cavity complexation. Asterisks indicates residual solvent 

peaks. 
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Figure 3.4.1.10. 1H NMR spectra (D2O, 500 MHz, 298 K) of (a) [2] = 0.4 mM; (b) [2] = 0.2 

mM, [NC12N] = 0.05 mM; (c) ) [2] = 0.4 mM, [NC12N] = 0.1 mM. Dashed lines indicate 

selected resonances for: red) type-I aggregate; blu) type-II complex. Asterisks indicates 

residual solvent peaks. 

 

 
 
n 

 
2 

 
type-II complex 
 

 
type-I aggregate 

 
exo-cavity aggregate 
 

 
NCnN 

 

 1.98 ± 0.07 
(10.0 Å) 

    

8   1.27 ± 0.1 
(15.7 Å) 

1.04 ± 0.09 
(19.2 Å) 

6.32 ± 0.02 
(3.2 Å) 

10  1.56 ± 0.01 
(12.8 Å) 

 0.90 ± 0.06 
(22.2 Å) 

5.81 ± 0.09 
(3.4 Å) 

12  1.54 1.11 ± 0.05 
 

1.0± 0.03 1.0± 0.06 

16   1.13 ± 0.03 
(17.6 Å) 

 4.21 ± 0.01 
( 4.7 Å) 

 

Table 3.4.1.1. Self-diffusion coefficients Dobs (x 10-10 m2 s-1) and corresponding 

hydrodynamic radii Rh (in parentheses) of 2, 2/NCnN and NCnN. 

 

Overall the NMR studies on 2 and NCnN showed: a) a peak selectivity of 

2 for NC10N (quantitative bis-endo-cavity inclusion of the gemini guest to 
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afford capsular complexes), as a consequence of the exceptional stereo- 

and electronic complementarity between the calix[5]arene cavity and the 

1,10-decanediammonium guest and b) that the hydrophilic/amphiphilic 

properties of type I- or type-II complexes depends on a fine modulation 

of the hydrophilic and hydrophobic portions which in turn can be tuned 

by a gemini guest of appropriate length.  

 

3.4.2. Determination of the cmc 

The amphiphilic nature of 2NC10N2 bola-amphiphile was further 

proved by 1H NMR experiment carried out at different 2/NC10N 

concentrations.  

 

 

Figure 3.4.2.1. 1H NMR spectra (D2O, 500 MHz, 298 K) of (a) [2] = 6.2 mM, [NC10N] = 

3.1 mM; (b) [2] = 4.0 mM, [NC10N] = 2.0 mM; (c) [2] = 2.5 mM, [NC10N] = 1.25 mM; (d) 

[2] = 1.0 mM, [NC10N] = 0.5 mM. Asterisks indicates residual solvent peaks. 
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1H NMR spectra (Figures 3.4.2.1) show sharp signals for the more 

diluted solutions, while increasing the concentration, the resonances 

broaden, indicating that an aggregation process is taking place. 

Moreover traces b, c, and d (Figure 3.4.2.1) show three different 

resonances in the aromatic region, indicating that by increasing the 

concentration different aggregation phenomena are taking place in a 

slow exchange on the NMR time-scale. Finally the cmc value of 

2NC10N2 bola-amphiphile (0.77 mM, in D2O) was determined by 

DOSY NMR spectroscopy (Figure 3.4.2.2). 

 

 

Figure 3.4.2.2. Plot of the self-diffusion coefficients (D) vs the inverse of concentration of 

2NC10N2. 

 

NMR spectroscopy, however, was found to be unsuitable to determine 

the very low cmc value for the 2NC16N supra-amphiphile, the latter 

requiring the alternative use of a dye (Sudan I) solubilization 

experiment 29  performed at increasing concentrations of 2NC16N. A 

remarkable increase of the absorbance at  485 nm demonstrated the 
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formation of 2NC16N aggregates with lipophilic domains starting from 

concentration of [2] = [NC16N] = 17 M (Figure 3.4.2.3).  

 

 

Figure 3.4.2.3. Plot of absorbance of Sudan I vs the concentration of 2NC16N. 

 

3.4.3. Comparison of DOSY NMR and DLS data 

Self-diffusion coefficients (Dobs) and hydrodynamic radii (Rh) of 2 and 

NCnN together with those of the complexes/aggregates detected by 

DOSY NMR in the 2:1 1/NCnN solutions (D2O) are listed in Table 3.4.1.1. 

Rh values were routinely calculated using the Stokes-Einstein equation 

(Dobs = kBT/6Rh), assuming an overall spherical shape for all the 

species considered. 

The Dobs data in Table 3.4.1.1 indicate that among type-I aggregates, the 

one formed in the presence of the longest guest (NC16N) diffuses slower, 

hence, is the biggest of the lot (Rh = 17.6 Å). 

According to DOSY data (Table 3.4.1.1), the dimensions of monomers, 

complexes and aggregates fall all within the 3–22 Å range. On the other 
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hand, DLS measurements carried out on a solution of calixarene 2 below 

the cmc ([2] = 0.1 mM) showed the presence of “NMR-invisible” 

aggregates of Rh = 100–120 nm with a negative superficial charge ( -

potential = -25 mV) and electrophoretic mobility  = -1.5 m/s V cm-1 

(Table 3.4.3.1). Titration of aqueous solutions of calixarene 2 (0.1 mM) 

with the three gemini dications NCnN (n = 8, 10, 16) produced, according 

to DLS measurements, large aggregates with Rh = 100–300 nm.  

Progressive addition of the best-fitting NC10N guest to an unfiltered 

solution of the calixarene, within the 0.5 to 8 to NC10N/2 ratio interval 

(Figure 3.4.3.1), produced insignificant changes to the hydrodynamic 

radius of the species already present in solution. In particular, the 

electrophoretic mobility and the related -potential of the aggregates 

(Table 3.4.3.1) hardly varied in the course of the addition of the NC10N, 

with appreciable variation of these parameters, towards less negative 

values, observed only after addition of an excess of guest, most likely 

because of an opposite-charge neutralization process. 

 

 Rh 

(nm) 



(m/s V cm-1) 

-potential 

(mV) 

[2] = 0.1 mM 100–120 -1.5 -25 

[2] = 0.1 mM + [NC8N] = 0.05 mM  100 -0.7 -10 

[2] = 0.1 mM + [NC10N] = 0.05 mM  120 -1.5 -25 

[2] = 0.1 mM + [NC10N] = 0.8 mM  120 -0.2 -3 

[2] = 0.1 mM + [NC16N] = 0.05 mM 200–300 -3.5 -50 

 

Table 3.4.3.1. Hydrodynamic radii (Rh), electrophoretic mobilities ) and -potentials 

for aggregates of 2 and 2/NCnN. 
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This trend is in agreement with our previous considerations on p-tert-

butylcalixarene-O-butylsulfonato aggregating, below the cmc, in large 

“open model” structures with a head-to-head arrangement (Figure 

3.4.3.4a). When 0.5 equivalents of NC10N are added, the guest molecules 

are encapsulated in the calixarene bilayer with the positive ammonium 

heads “hidden” inside the calixarene cavities. As a consequence, the 

overall dimension of the aggregate does not change (Figure 3.4.3.1b) and 

the dicationic gemini guest does not alter the superficial charge of the 

aggregates (-potential and  do not vary). Partial neutralization of the 

negatively charged surface of the aggregates finally occurs upon 

addition of an excess of NC10N ions (Figure 3.4.3.1d). 

 

 

Figure 3.4.3.1.  Size distribution of aggregates in aqueous solution of (a) [2] = 0.1 mM; 

(b) [2] = 0.1 mM, [NC10N] = 0.05 mM; (c) [2] = 0.1 mM, [NC10N] = 0.8 mM. 

 

The addition 0.5 equivalents of the shorter guest did not produce 

appreciable variation of the dimension of nanosized aggregates (Figure 

3.4.3.2), while -potential and electrophoretic mobility (Table 3.4.3.1) 

immediately increased, suggesting that the anionic shell around the 

calixarene aggregates has been partially neutralized by electrostatically 



109 

 

interacting with the diammonium guest. These findings are consistent 

with previous NMR observation: NC8N is too short to be encapsulated, 

only a small amount of aggregating 1:1 supra-amphiphile is formed, the 

rest of guest electrostatically interacts with the sulfonato moieties of 2 

(Figure 3.4.3.4c). 

 

 

Figure 3.4.3.2.  Size distribution of aggregates in aqueous solution of (a) [2] = 0.1 mM; 

(b) [2] = 0.1 mM, [NC8N] = 0.05 mM. 

 

The addition of NC16N afforded, as already seen by NMR results, the 

formation of bigger aggregates (Rh 200–300 nm, Figure 3.4.3.3.). 

Interestingly, more negative -potential (–50 mV) and ( –3.5 m/s 

V/cm) values were detected this time (Table 3.4.3.1). This is consistent 

with an increased negative superficial charge of the aggregates, which 

might be explained by taking into account the presence of “free” 

ammonium head groups of single bola-amphiphile (2NC16N) acting as 

supramolecular linkers, via electrostatic interactions, with the sulfonate 

groups of nearby aggregates (Figure 3.4.1.4c). Such a process may also 

account for the increased dimensions of the aggregates.  
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Figure 3.4.3.3. Size distribution of aggregates in aqueous solution of (a) [2] = 0.1 mM; 

(b) [2] = 0.1 mM, [NC16N] = 0.05 mM. 

 

 

 

 

 

Figure 3.4.3.4. Cartoons. 
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Finally, the considerable morphological change after addition of NC16N 

was also evidenced by means of SEM microscopy. The nanoaggregates 

show sizes ranging between 80-200 nm (Figure 3.4.3.5.). Moreover, some 

donuts-like structures, results of the coalescence of smaller 

nanoaggregates, are also evident. 

 

      

 

Figure 3.4.3.5. SEM images of [2] = 0.1 mM, [NC16N] = 0.05 mM. 

 

3.4.4. Drug solubilising studies 

 

Colloidal systems are currently used as drug-solubilising and drug-

delivering agents in pharmacological formulation for oral, parenteral 

and transdermal adminstration of actives.30 

Recently coassemblies of amphiphilic calixarenes and resorcarenes with 

organic hydrophobic acids31 and anticancer drugs have been reported to 

show great potentials in the solubilisation of insoluble drugs and in 

drug-delivery strategies. The fine modulation of the structural 

transitions of our calixarene-based colloids prompted us to verify the 

solubilising properties of the different assemblies deriving from 

calixarene 2. To this end, three different D2O solutions of calixarene 2 ([2] 

= 0.4 mM; [2] = 0.4 mM and [NC10N] = 0.2 mM; [2] = 0.4 mM and 
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[NC16N] = 0.4 mM) were used to solubilise the water-insoluble 

antitumoral drug tamoxifen (water solubility as free base 0.1 g/ml). 

Preliminary 1H NMR data (Figure 3.4.4.1) revealed that only the bigger 

aggregates formed upon inclusion of NC16N were able to dissolve the 

insoluble drug. The trace 3.4.4.1b clearly shows the upfield-shifted 

aromatic protons of tamoxifen partially overlapping with the calixarene 

species. Back exctraction into chloroformic phase allowed us to 

determine a 1400-fold (140 g/ml) increase of solubilised drug, both by 

using the quantitative qNMR software Varian Vnmrj 3.2 and UV analyses 

(the concentration of extracted tamoxifen was determined from the 

absorbance value at  = 275 nm).  

Considering the very low cmc value determined for 2NC16N 

supraamphiphile, we believe that supraamphiphilc systems based on 

calixarene amphiphiles can be considered relevant candidates for the 

construction of “drug-chaperones”32  for poor soluble drugs.  

 

 

Figure 3.4.4.1. 1H NMR spectra (D2O, 500 MHz, 298 K) of: a) [2] = [NC16N] = 0.4 mM 

(D2O, 500 MHz, 298 K); b) after exctraction of tamoxifen; c) tamoxifen in CD3OD. 
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3.5. Conclusions 

In this chapter I have demonstrated that calix[5]arene 2 maintain also in 

water the host-guest chemistry already reported in organic solvents. 

Moreover, the aggregational features of the calix[5]arene-O-

butylsulfonato derivative can be efficiently modulated by the formation 

of supra-amphiphiles obtained through the endo-cavity recognition of 

alkanediyldiammonium ions of different lengths. NMR 

spectroscopy gave a direct insight into the interactions (endo-cavity or 

electrostatic) taking place during the recognition phenomena, thus 

allowing the identification (modeling) of two different bola-

supraamphiphiles with extremely different aggregating properties. 1H 

NMR evidences together with DOSY experiments were essential to 

understand the morphological changes, observed by complementary 

techniques such as DLS and SEM, of “NMR invisible” aggregates. The 

bigger aggregates formed by 2NC16N supraamphiphile were able to 

increase the water-solubility of the antitumoral drug tamoxifen of a 

factor of 1400. Finally, the results herein reported demonstrate the great 

potentials of calixarene-based supraamphiphiles in the design of novel 

drug-solubilisation and delivery systems. 
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3.6. Experimental section 

3.6.1. General experimental methods 

1H and 13C NMR spectra were recorded at room temperature in D2O, at 

500 and 125 MHz respectively. The solvent residual peak (4.65 ppm) 

was used as an internal standard for 1H NMR spectra, while the 13C 

NMR spectrum was referenced to internal dioxane (c 69.3 ppm). THF 

was dried by a standard method prior to use; other chemicals were 

reagent grade and were used without further purification. p-tert-

Butylcalix[5]arene was synthesized according to a literature procedure.33 

Diffusion Ordered NMR Spectroscopy (DOSY) studies were performed 

on a Varian 500 MHz spectrometer equipped with a pulse-field gradient 

probe. Spectra were recorded at 25 °C using a DgcsteSL pulse sequence. 

Experimental parameters were optimized according to the sample under 

investigation. Diffusion gradients were incremented in 30 steps with 

gradient pulse amplitudes varying from 1.8 to 58.5 gauss/cm, the 

number of transients acquired for each increment ranging from 16 to 128, 

with a diffusion gradient length of 2 ms and diffusion delays in the 150–

200 msrange. All measurements were performed in triplicate and the 

reported values are the mean ± standard deviation of the mean. The 

hydrodynamic radii (Rh) were obtained using the Stokes-Einstein 

equation: Dobs = kBT/6Rh, where kB is the Boltzmann constant, T is the 

temperature and  is the viscosity of the solvent. 

SEM analyses were carried out with a Zeiss (model Merlin Gemini 2) 

filed emission electron microscope, operating at 150 kV and a working 

distance of 4 mm. 
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UV measurements were performed using a Varian Cary 50 Scan UV-

Visible spectrophotometer. 

DLS measurements were carried out using a 35 mW polarized He-Ne 

laser source (l = 632.8 nm). The polarized scattered light was collected at 

90°, in a self-beating mode, using an Avalanche Photodiode (Single 

Photon Counting Module) by Excelitas Technologies. The signal was 

sent to a Malvern 4700 submicrometer particle analyzer system to 

measure the intensity autocorrelation function, g2(t). The intensity 

autocorrelation function is related to the scattered electric field 

correlation function g1(t) through the Siegert’s relation: g1(t)[g2(t)-1]1/2. 

Determination of the size distribution from the field correlation function 

g1(t) was obtained through a Laplace inversion:  

   )(ln/exp)()(1  dtAtg  

where =1/(DQ2), D and Q being the diffusion coefficient of the particle 

and the exchanged momentum of the scattered light, respectively. The 

diffusion coefficient D is related to the hydrodynamic radius through the 

Einstein-Stokes relation. A discrete multi-exponential non-negative least-

squares fit (NNLS) was used to perform this inversion procedure. 

The spectral amplitude A is related to the scattered intensity of each 

species (with radius R), which, in turn, depends on its number 

concentration, n, on the radius R and on its form factor P(QR). By using 

the Rayley-Gans form factor of a sphere it is possible to obtain the 

number distribution as: 

 2)cos()sin(
)(

QRQRQR

A
aRn





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where a is a constant giving the normalization to unity of the number-

weighted size distribution. 

 

3.6.2. Synthetic procedure 

Sodium p-tert-butyl-calix[5]arenepenta-O-(4-butoxysulfonato)22 (2) 

p-tert-Butylcalix[5]arene (186 mg, 0.23 mmol), an excess of NaH (83 mg, 

3.45 mmol) and 1,4-butane sultone (470 mg, 3.45 mmol) were mixed in 

anhydrous THF (20 mL) and refluxed for 48 h. The mixture was allowed 

to cool to room temperature and MeOH (5 mL) was added. The 

precipitate was collected by filtration, washed with EtOH, dissolved in 5 

mL of water and finally precipitated by the salting-out method with 

sodium acetate. After centrifugation, the solid was separated and 

refluxed in EtOH (20 mL) for 24 h. The white powder (172 mg, 47%) was 

collected by filtration. M.p. 255–258 °C (dec.). 1H NMR (0.5 mM)  0.91 

(s, C(CH3)3, 45 H), 1.79–1.85 (m, OCH2(CH2)2, 20 H), 2.87 (t, J = 8.1 Hz, 

SCH2, 10 H), 3.29 and 4.34 (AX, J = 14 Hz, ArCH2Ar, 10 H), 3.60 (bt, 

OCH2, 10 H), 6.96 (s, Ar, 10 H) ppm; 13C NMR (5.0 mM) 23.7, 31.6, 33.4, 

34.0, 36.5, 54.0, 76.5, 128.3, 136.7, 147.7, 154.9 ppm. Anal. Calcd for 

C75H105Na5O20S5: C, 56.23; H, 6.61; S, 10.01; Found: C, 55.92; H, 6.63; S, 

9.95. 

 

3.6.3. Determination of the cmc 

The cmc of 2NC16N amphiphile was determined by dye solubilisation 

experiments. The experiments were performed by adding an excess of 

crystalline dye Sudan I to equimolar solutions of 2 and NC16N of 

different concentrations ([2] = [NC16N] = 0 – 400 M). After equilibrating 
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for 24 h at room temperature, the solutions were centrifugated (6000 

rpm) for 10 minutes to remove undissolved dye, and their absorbance 

was measured at  = 485 nm. Absorbance values were plotted vs the 

sample concentrations and the cmc was derived from the intersection 

between the two lines best fitting the experimental data points.  

 

3.6.4. Drug solubilisation 

Tamoxifen solubilization experiments were performed by adding solid 

tamoxifen (1mol)  to 1 mL of 0.4 mM solution of 2 and NC16N (1:1) in 

ultrapure H2O. After equilibrating for 24 h at room temperature in the 

dark, the solution was centrifugated (6000 rpm) for 10 minutes to 

remove undissolved solid. 900 L of the supernatant were extracted with 

900 L of CHCl3 in a closed vial for 12 h. The organic phase was diluited 

10 times before UV analysis. The concentration of extracted tamoxifen 

was determined from the absorbance value at  = 275 nm. 200 L of 

CDCl3 were added to 300 L of the tamoxifen chloroformic solution and 

the concentration of recovered tamoxifen was determined from the 

integral of selected peaks by using the quantitative qNMR software 

Varian Vnmrj 3.2.  
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Chapter 4 

 

Self-sorting of supramolecular systems in water 

 

4.1. Introduction 

The term self-sorting1 is used to describe spontaneous and high fidelity 

self and/or non-self-recognition of two or more species within a 

multicomponent mixture.  

In 2003, Isaacs et al. classified artificial self-sorting into two categories: 

social self-sorting and narcissistic (asocial) self-sorting.2 Social self-

sorting occurs between different species whereas a narcissistic self-

sorting process3 takes place between the same species (Scheme 4.1.1). 

 

 

Scheme 4.1.1. Self-sorting in a 2-component system. 
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Recently, Schalley and co-workers4 divided social self-sorting systems in 

integrative and nonintegrative. In nonintegrative systems, the 

components of the mixture combine to yield more than one final 

complex, whereas in integrative systems all species present in the 

mixture are integrated into one more complicated assembly. 

Self-sorting phenomena have manifold appearances in Nature and in 

biological processes5: adenine (A), thymine (T), guanine (G), and 

cytosine (C) automatically self-sort to form two base pairs (AT and GC)6 

allowing to store an immense amount of information in a specific 

sequence of the DNA; carbohydrates, peptides and fatty acids undergo 

self-sorting in the construction of a cell. When trying to replicate these 

exceptional properties in laboratory host-guest chemistry, researchers 

have to face with two fundamentals supramolecular interactions, i.e. 

directional and non-directional forces. Directional forces (hydrogen 

bonds,7 metal-ligand interactions,8  stacking,9) secure geometrical 

requirements which allow high affinities and specificities in 

supramolecular complexes, while non-directional attractive or repulsive 

van der Waals interactions play important roles in determining the 

distances between the interacting species. 

In the field of calixarenes chemistry, Böhmer and Schalley reported 

efficient self-sorting processes relative to mixtures of tetraurea calix-

[4]arenes which are noted to form dimeric capsules under controlled 

conditions.10  

More recently, Talotta et al.11 have demonstrated that calix[6]arene-based 

pseudo[3]rotaxanes with bisammonium axles have intriguing self-
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sorting capabilities. In details, by mixing two different symmetrical axles 

and two wheels, among twenty possible homo- and 

heteropseudo[3]rotaxanes (Figure 4.1.1b) only two are stereospecifically 

formed, while in a three component mixture of two wheels and one 

asymmetrical axle, among 16 possible species only one 

heteropseudo[3]rotaxane was observed (red box, Figure 4.1.1c). 

 

 

Figure 4.1.1. a) Structures of calix[6]arene wheels and dibenzyl- and 

alkylbenzylammonium axles; b) all species that can form in mixtures of two different 

wheels and two different axles; c) all species that can form in mixtures of two calix 

wheels and a directional axle. (Adapted from Ref.11). 

 

Our research group has been involved for a long time in the study of the 

optimal requirements needed for the (poly)capsular12 formation of 

calix[5]arene derivatives induced by long-chained bis(poly)-ammonium 

ions in solution and in the solid state.13 All these studies showed that an 

efficient capsule formation depends on the length of the guest, the 
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degree of penetration inside the host cavity and attractive van der Waals 

interactions between the upper rims of the hosts. In particular precedent 

experiments carried out with calix[5]arenes bearing bulkier tert-butyl 

groups at the upper rim highlighted that a chain-lenght of at least ten-

carbon atoms is necessary to position two calixarene cups at the right 

distance to ensure favorable attracting van der Waals interactions, while 

a shorter eight-carbon chain is preferred for capsular arrangements of p-

methyl derivatives.12 

In the next section, I will report a fascinating example of social (non 

integrative) self-sorting based on a four component system (Figure 4.1.2) 

consisting of two water-soluble calix[5]arene derivatives differently 

substituted at the upper rim (1 and 2) and two ,-

alkanediyldiammonium ions of different lengths (H3N+-(CH2)n-NH3+, n 

= 8, 10, NC8N and NC10N).  

 

 

Figure 4.1.2. Schematic representation of the four-component system based on hosts 1 

and 2 and guests NC8N and NC10N.  
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4.2. Results and discussion 

p-Methyl-calix[5]arene 1 was synthesized as reported in paragraph 2.2.1. 

As previously reported for p-tert-butylcalix[5]arene and p-tert-

butylcalix[4]arene14 analogues, 1H NMR spectra recorded in D2O at 

different concentration of 1 (Figure 4.2.1) showed broad resonances for 

concentrated samples ([1] 7.5 mM) and sharp ones for diluted solutions, 

in agreement with the amphiphilic nature of this macrocycle. However, 

in contrast with previous results with p-tert-butyl derivative 2 and the p-

tert-butylcalix[4]arene analogous described in chapter 2,14 but in line 

with traditional surfactants, only one aromatic resonance was observed 

in all spectra of Figure 4.2.1, indicating that the monomer-to-micelle 

exchange is fast on the NMR time-scale.  

 

Figure 4.2.1. 1H NMR spectra (500 MHz, 298 K, D2O) of calix[5]arene 1 at different 

concentrations: (a) 3.0 mM, (b) 6.5 mM, (c) 10.0 mM, (d) 15.0 mM, (e) 20.0 mM. 
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A closer inspection of Figure 4.2.1 revealed that both aromatic and 

methyl resonances are up-field shifted as a result of the anisotropic 

shielding effect of the surrounding calixarene molecules in the micellar 

aggregate. 

The critical micellar concentration (cmc) of the new amphiphilic 

derivative 1 was determined by a diffusion ordered NMR spectroscopy 

(DOSY) study carried out on D2O solutions at different calixarene 

concentrations. A cmc value of 7.5 mM was estimated from the 

intersection of the two lines best-fitting the experimental data points 

obtained by plotting the diffusion coefficients (Dobs) vs the inverse of 

concentration (Figure 4.2.2). This value is almost 12 folds higher the one 

determined for p-tert-butylcalixarene 2 (0.64 mM),14a thus indicating that 

the amphiphlic properties of O-butylsulfonato calix[5]arenes can be 

simply modulated by changing the lipophilic character of the para-

substituents. 

 

Figure 4.2.2. Plot of the self-diffusion coefficients (D) vs. the inverse of the concentration 

of calixarene 1 in D2O at 298 K. 
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The optimal requirements needed for the capsular formation of p-tert-

butylcalix[5]arene derivatives with -alkanedyildiammonium ions 

have already been described in chapter 3. Before studying the four 

component system, our first concern was to test whether derivative 1, 

below its cmc value, retained in aqueous media the ability of forming 

capsular assemblies with the shorter NC8N guest.12b The endo-cavity 

inclusion properties of derivative 1 were also studied in the presence of 

the longer NC10N.  

 

Figure 4.2.3. 1H NMR spectra (D2O, 500 MHz) of: a) [1] = 0.4 mM, 298 K; b) [1] = 0.4 mM 

and [NC8N] = 0.2 mM, 298 K; c) [1] = 0.4 mM and [NC10N] = 0.2 mM, 298 K; d) [2] = 0.4 

mM and [NC8N] = 0.2 mM, 278 K; e) [2] = 0.4 mM and [NC10N] = 0.2 mM, 278 K. 

1H NMR experiments carried out in D2O (Figure 4.2.3) at 298 K and 278 

K confirmed the formation of endo-cavity complexes of p-

methylcalix[5]arene 1 with guests NC8N and NC10N; the endo-cavity 

recognition event of the alkylammoium portion of the guests was 

unequivocally proven by the down-field shift of the aromatic resonances 

of the calixarene cavity and by the broad up-field signals (-3.0 – 0.2 ppm) 
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relative to the guest alkyl chain included inside the calixarene cavity, 

which especially in the case of NC10N, became more evident when 

spectra were recorded at lower temperature (278 K, Figure 4.2.3e). In 

particular, only four distinct signals for the encapsulated guest were 

observed in the high-field region of the 1H NMR spectrum of 1/NC8N 

2:1 solution ([1]=0.4 mM; [NC8N]=0.2 mM) as expected for the guest 

methylene protons symmetrically included inside the two calixarene 

cavities (Figure 4.2.4).  

 

 

 

         

 

 

 

 

Figure 4.2.4. Selected high-field region of the 1H NMR spectrum (D2O, 500 MHz, 278 K) 

of [1] = 0.4 mM and [NC8N] = 0.2 mM. 

As previously described for derivative 2 and NC10N (paragraph 3.4.1), 

the formation of the capsular complex 1NC8N1 was further 

supported by a 1H NMR Diffusion Ordered (DOSY) experiment ([1] = 0.4 

mM, [NC8N] = 0.2 mM, D2O) that clearly showed the same diffusion 

coefficient (Dcomplex = 1.75 x 10-10 m2 s-1) for the calixarene and the high-
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field guest resonances. Assuming a spherical shape for both monomer 1 

and its complex with NC8N, by using equation 115 (eq. 1) which 

correlates the diffusion coefficients of the species under investigation 

and their molecular masses, and knowing Dmonomer = 2.39 x 10-10 m2 s-1, a 

value of Mcomplex that is the double of Mmonomer (Mcomplex/Mmonomer = 2.55) 

was calculated. This is an additional evidence of the formation of the 

capsular complex. 

Dcomplex/Dmonomer = (Mmonomer/Mcomplex)1/3  (eq. 1) 

Furthermore the association constant for the capsular complex 

1NC8N1 (Kass = 1.29 x 105 M-2) was determined by integration of the 

signals relative to free and complexed host and guest of a diluted host-

guest solution ([1]= 0.1 mM; [NC8N]= 0.05 mM). Under this condition 

the only detectable complex was the capsular assembly and no 1:1 H/G 

complex was observed. 

In order to analyse the self-sorting event in the capsular complexes 

formation, we performed a series of 1H NMR experiments with the four 

components mixture 1:2:NC8N:NC10N in 2:2:1:1 ratio. The experiments 

were carried out at 278 K to observe the methylene resonances of NC10N 

eventually included in 1 (Figure 4.2.3e). 

Statistically, by mixing in solution the four components 1, 2, NC8N and 

NC10N, ten possible complexes can be formed as illustrated in Figure 

4.2.5: four 1:1 H/G complex (1NC8N, 1NC10N, 2NC8N, 2NC10N), 

two heterocapsules (relative to the hosts) (1NC8N2 and 1NC10N2) 
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and four homocapsules (1NC8N1; 2NC8N2; 1NC10N1; 

2NC10N2). 

 

 

Figure 4.2.5. Cartoons of the ten possible complexes. 

 

Knowing the amphiphilic properties of both derivatives 1 (cmc = 7.5 

mM) and 2 (cmc = 0.64 mM),14a and in order to limit aggregation 

phenomena, 1H NMR titration experiments were performed at hosts’ 

concentrations of 0.4 mM. Since derivative 2 was found to form NMR 

“invisible” aggregates (see chapter 3), its effective concentration was 

corrected by careful addition of aliquots of 2 until a final 0.4 mM 
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concentration determined by NMR quantitative analysis (qNMR 

software Varian Vnmrj 3.2).  

Upon addition of 0.5 equiv. of NC10N to an equimolar mixture of 1 and 

2, ([1]=[2]=0.4 mM; [NC10N]= 0.2 mM), only the homocapsule 

2NC10N2 was quantitatively obtained, as showed by the green 

coloured resonances in Figure 4.2.6b, while the signal relative to the 

aromatic hydrogens of compound 1 remained unchanged and no 

resonances relative to NC10N included inside the cavity of calixarene 1 

were observed (Figure 4.2.6b).  

Figure 4.2.6. Selected aromatic and high-field regions of the 1H NMR spectra (D2O, 500 

MHz, 278 K) of: a) [1] = 0.4 mM,  [2] = 0.4 mM; b) [1] = 0.4 mM, [2] = 0.4 mM, [NC10N] = 

0.2 mM; c) [1] = 0.4 mM, [2] = 0.4 mM, [NC10N] = 0.2 mM, [NC8N] = 0.2 mM; d) [1] = 0.4 

mM, [NC8N] = 0.2 mM; e) [2] = 0.4 mM, [NC10N] = 0.2 mM. 

Further evidence of the homocapsule formation (2NC10N2) was 

yielded by a DOSY NMR spectrum, which showed the five upfield 
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resonances of the guest having the same diffusion coefficient of the 

aromatic resonance of calixarene 2, while the diffusion coefficient of 1 

remained unaltered (Figure 4.2.7). 

 

Figure 4.2.7. Sections of the DOSY spectrum (D2O, 500 MHz, 298 K) of [1] = 0.4 mM; [2] 

= 0.4 mM; [NC10N] = 0.2 mM. 

 

Upon subsequent addition of NC8N to this mixture, the aromatic 

resonance relative to the free calix[5]arene 1 readily disappeared in favor 

of a down-field shifted signal, while a new set of signals appeared in the 

high field region (fuchsia signals), which can be unambiguously ascribed 

to the 1NC8N1 (see traces c and d in figure 4.2.6 for a comparison). 

Except for the broad signal at ~ 6.7 ppm, which suggests that some 

aggregation is occurring under these conditions, there isn’t any NMR 

evidence of the presence of the other possible complexes.  
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According to these results, the four components “socially” combined in a 

non-integrative fashion to exclusively form the two “homocapsules” 

2NC10N2 and 1NC8N1 (Figure 4.2.8). 

 

 

 

Figure 4.2.8. Cartoons of the two homocapules 1NC8N1 and 2NC10N2 formed in 

the four-components mixture. 

 

A series of experiments were planned in order to understand if the self-

sorting event was under thermodynamic or kinetic control and to 

evaluate the system response after external stimuli such as temperature, 

concentration or different stoichiometry of the components.  

To this aim, two independent mixtures containing the “non-matching” 

host/guest pairs (1/NC10N and 2/NC8N, 2:1 ratio each, Figure 4.2.9) 

where prepared to force alternative recognition events.  

Upon mixing to the usual final concentration of the components, the 

best-matching 1NC8N1 and 2NC10N2 capsules were readily 
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formed and remained stable over the time, thus demonstrating the 

thermodynamic control of the self-sorting event. 

 

 

Figure 4.2.9. Selected aromatic and high-field regions of the 1H NMR spectra (D2O, 500 

MHz, 278 K) of: a) [1] = 0.4 mM, [NC10N] = 0.2 mM; b) [2] = 0.4 mM, [NC8N] = 0.2 mM; 

c) after mixing a + b. 

 

It is known that many variables can affect molecular recognition, and 

therefore influence the outcome of the self-sorting event (i.e., 

temperature, concentration, stoichiometry). Preliminary VT NMR 

experiments (Figure 4.2.10), recorded with the two independent 

homocapsules showed that in the case of 1NC8N1 the 1H NMR 

resonances of the complex broadened at 298 K and at 328 K no signals 

relative to the guest included inner the cavity were detected (0  -3 ppm). 

Furthermore the aromatic resonances relative to host 1 at 328 K in trace c 
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of figure 4.2.10 are high-field shifted, thus indicating that a 

disassembling event is taking place. 

 

 

Figure 4.2.10. 1H NMR spectra (D2O, 500 MHz) of [1] = 0.4 mM and [NC8N] = 0.2 mM 

at a) 278 K; b) 298 K; c) 328 K.   

 

On the contrary, the 2NC10N2 capsule was the only species also at 

higher temperature (353 K) as shown by the unchanged spectral patterns 

in the 1H NMR spectra carried out at different temperatures (Figure 

4.2.11). 
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Figure 4.2.11. 1H NMR spectra (D2O, 500 MHz) of [2] = 0.4 mM and [NC10N] = 0.2 mM 

at a) 278 K; b) 298 K; c) 353 K. 

 

To our opinion these experiments highlighted the importance of the 

presence of tert-butyl groups at the upper rim of the calix[5]arene 

derivatives for efficient Van deer Waals interactions to take place with 

both the upper-rim of the facing calixarene and the alkyl chain of the 

guest.  

VT NMR experiments recorded on the four-component mixture 

evidenced the stability of the 2NC10N2 capsule (Figure 4.2.12). 
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Figure 4.2.12. Selected aromatic and high-field regions of the 1H NMR spectra (D2O, 500 

MHz) of [1] = 0.4 mM; [2] = 0.4 mM; [NC10N] = 0.2 mM; [NC8N] = 0.2 mM at a) 278 K; 

b) 298 K; c) 328 K; d) 353 K. 

 

The stability of the 2NC10N2 capsule was further demonstrated by a 

5-fold dilution experiment ([1] = [2] = 0.08 mM, [NC8N] = [NC10N] = 0.04 

mM). As it can be observed in figure 4.2.13, also in these conditions the 

2NC10N2 complex was quantitatively formed, while upon dilution 

1NC8N1 disassemble to afford only 22% of complex.  

To verify that the self-sorted capsules were preferred also in the presence 

of an excess of guests, a 1:1:1:1 mixture was prepared. Unfortunately, at 

the usual 0.4 mM concentration the excess of guests caused the 

aggregation of the p-tert-butyl derivative 2. Nonetheless, by diluting all 

components to 0.1 mM, the high field region of the 1H NMR spectrum 

showed the same spectral patterns for the included methylenes of NC8N 
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and NC10N in the two usual self-sorted homocapsules, demonstrating 

that also under these conditions the self-sorting event is taking place 

(Figure 4.2.14) 

 

 

Figure 4.2.13. Selected aromatic and high-field regions of the 1H NMR spectrum (D2O, 

500 MHz, 278 K) of [1] = 0.08 mM, [2] = 0.08mM; [NC10N] = 0.04 mM, [NC8N] = 0.04 

mM. 

 

 

Figure 4.2.14. Selected high-field regions of the 1H NMR spectra (D2O, 500 MHz, 278 K) 

of: a) [1] = 0.4 mM, [2] = 0.4 mM, [NC10N] = 0.2 mM, [NC8N] = 0.2 mM;  b) [1] = 0.1 

mM, [2] = 0.1 mM, [NC10N] = 0.1 mM, [NC8N] = 0.1 mM. 

 

Finally, the 1H NMR titration experiment was repeated by changing the 

order in the addition of the guests. After adding the shorter NC8N first 
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([1] = [2]=0.4 mM, [NC8N]=0.2 mM), instead of the expected 1NC8N1 

capsule, four distinct signals were observed for the aromatic resonances 

together with a predominant set (up to six signals) of included 

methylenes in the high field region (see Figure 4.2.15b), which could not 

be ascribable neither to 1NC8N1 capsule (which formed in a very 

small amount) nor to 2NC8N 1:1 complex. A closer look at the aromatic 

region of the spectrum (figure 4.2.15b) showed the doubling of the 

aromatic resonances, two of which underwent, with respect to the 

chemical shifts of free hosts, a downfield shift similar to those observed 

in the individual titration experiments.  

 

 

Figure 4.2.15. Selected aromatic and high-field regions of the 1H NMR spectra (D2O, 500 

MHz, 278 K) of: a) [1] = 0.4 mM, [2] = 0.4 mM; b) [1] = 0.4 mM, [2] = 0.4 mM, [NC8N] = 

0.2 mM; c) [1] = 0.4 mM, [2] = 0.4 mM, [NC8N] = 0.2 mM; [NC10N] = 0.2 mM; d) [1] = 0.4 

mM, [NC8N] = 0.2 mM, e) [2] = 0.4 mM, [NC10N] = 0.2 mM. 
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Integration of aromatic resonances demonstrated that half quantity of 

each host was involved in the complexation of the guest, and careful 

integration of the included methylenes of the guest suggested that under 

this condition the guest molecule was asymmetrically high-field shifted 

by the inclusion into the two different calixarene cups. This complex was 

also found to be stable over months at room temperature. Further 

addition of NC10N restored the precedent homocapsules equilibrium 

(1NC8N1 and 2NC10N2, Figure 4.2.15c).  

These experimental data demonstrated that in this three-component 

mixture, hosts 1 and 2, and NC8N socially combine in an integrative 

fashion leading to the heterocapsule 1NC8N2. In our four-component 

mixture the integrative/non-integrative self-sorting can be achieved by 

simply changing the order of addition of the ,-

alkanediyldiammonium ions to the solution of the hosts.  

Upon heating the 1/2/NC8N (2:2:1) mixture (Figure 4.2.16), the aromatic 

resonances relative to host 1 immediately merged and subsequently 

sharpened at 353 K, indicating a fast exchange on the NMR time scale 

between the free and complexed forms of calixarene 1, even at 298K. On 

the contrary, resonances corresponding to free and complexed calixarene 

2, although of different intensities, remained well separated, thus 

showing a slower exchanging rate also at 353 K. Concurrently, the high-

field 1H NMR region showed an initial broadening of the resonances of 

the NC8N portion included in the p-methylcalixarene 1, which 

eventually disappeared. 
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Figure 4.2.16. Selected aromatic and high-field regions of the 1H NMR spectra (D2O, 500 

MHz) of [1] = 0.4 mM, [2] = 0.4 mM, [NC8N] = 0.2 mM at a) 278 K; b) 298 K; c) 328 K; d) 

338 K ; e) 353K.  Green asterisks indicate the NC8N portion included inside 2. 

 

Integration of the included guest portion vs. the aromatic signals of 

complexed derivative 2 in trace c of Figure 4.2.16, displayed a 8:10 

relation, while the relative integration of the four included resonances 

showed a 1:1:1:1 ratio (asterisks in figure 4.2.16, trace c). The possibility 

of formation of the 1:1 2NC8N complex at 328 K was ruled out by a 

parallel VT NMR experiment on the 2/NC8N system. It comes out that 

the residual resonances for complexed species in figure 4.2.16, traces c–e, 

can be assigned to the 2/NC8N portion of the heterocapsule. The VT 

NMR experiment of the 1NC8N2 complex highlighted the different 

exchange kinetics of the two hosts11 towards the alkylammonium moiety 
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and once again confirmed the relevance of tert-butyl groups of 2 in 

determining effective attractive van deer Waals interactions both with 

the other calixarene cup and with the guest alkyl chain. 

 

 

4.3 Conclusions 

In this chapter I have reported a brief introduction about the self-sorting 

phenomena and then our experimental results on a four component 

system consisting of two water-soluble calix[5]arene derivatives 

differently substituted at the upper rim (1 and 2) and two 

alkanediyldiammonium ions of different lengths (H3N+-(CH2)n-

NH3+, n = 8, 10, NC8N and NC10N). The obtained results demonstrated 

that among the ten possible complexes with mixed/different 

stoichiometry, only the 1C8N1 and 2C10N2 capsules are 

formed, providing a fascinating example of social (non integrative) self-

sorting based on water-soluble supramolecular systems. Furthermore, in 

this system the switching between an integrative and a non-integrative 

social self-sorting can be achieved by changing the order of addition of 

the guests to an equimolar solution of the hosts. 
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4.4 Experimetal section 

Calixarenes 1 and 2 were synthesized as already described in chapter 2. 

1H NMR spectra were recorded in D2O at 500 MHz using a Varian 500 

MHz spectrometer equipped with a pulse-field gradient probe. The 

Dioxane solvent peak 3.53 ppm) was used as an internal standard 

for 1H NMR spectra.  

Diffusion Ordered NMR Spectroscopy (DOSY) studies were performed 

at 298 K using a DONESHOT pulse sequence. Experimental parameters 

were optimized according to the sample under investigation. Diffusion 

gradients were incremented in 30 steps with gradient pulse amplitudes 

varying from 1.8 to 58.5 gauss/cm, the number of transients acquired for 

each increment ranging from 16 to 128, with a diffusion gradient length 

of 2 ms and diffusion delays in the 150–200 ms range.  

 

 

 

 

 

 

 

 

 

 



145 

 

References 

                                                           
1 (a) Saha M.L., Schmittel M., Org. Biomol. Chem., 2012, 10, 4651; (b) Safont-Sempere 

M.M., Gustavo Fernández, Würthner F., Chem. Rev., 2011, 111, 5784. 

2 (a) Wu A., Isaacs L., J. Am. Chem. Soc., 2003, 125, 4831; (b) Mukhopadhyay P., Wu A., 

Isaacs L., J. Org. Chem., 2004, 69, 6157. 

3 Krämer R., Lehn J.M., Marquis-Rigault A., Proc. Natl. Acad.Sci. U. S. A., 1993, 90, 5394. 

4 (a) Jiang W., Schalley C.A., Proc. Natl. Acad. Sci. U. S. A., 2009, 106, 10425; (b) Jiang W., 

Winkler H.D.F., Schalley C.A., J. Am. Chem. Soc., 2008, 130, 13852. 

5 Voet D., Voet J.G., Biochemistry, 1995. 

6 Watson J.D., Crick F.H., Nature, 1953, 171, 737. 

7 (a) Jolliffe K.A., Timmerman P., Reinhoudt D.N., Angew. Chem., Int. Ed., 1999, 38, 933; 

(b) Ma Y.G, Kolotuchin S.V., Zimmerman S.C., J. Am. Chem. Soc., 2002, 124, 13757. 

8 (a) Caulder D.L., Raymond K.N., Angew. Chem., Int. Ed., 1997, 36, 1440; (b) Nitschke 

J.R., Acc. Chem. Res., 2006, 40, 103. 

9 Shaller A.D., Wang W., Gan H.Y., Li A.D.Q., Angew. Chem., Int. Ed., 2008, 47, 7705. 

10 (a) Braekers D., Peters C., Bogdan A., Rudzevich Y., Böhmer V., Desreux J.F., J. Org. 

Chem., 2008, 73, 701; (b) Rudzevich Y., Rudzevich V., Klautzsch F., Schalley C.A., 

Böhmer V., Angew. Chem., Int. Ed., 2009, 48, 3867; (c) Rudzevich Y., Rudzevich V., 

Böhmer V., Chem. Eur. J., 2010, 16, 4541; (d) Mogck O., Paulus E.F., Böhmer V., 

Thondorf I., Vogt W., Chem. Commun., 1996, 2533. 

11 Talotte C., Gaeta C., Qi Z., Schalley C.A., Neri P., Angew. Chem. Int. Ed., 2013, 52, 7437. 

12 (a) Garozzo D., Gattuso G., Kohnke F.H., Malvagna P., Notti A., Occhipinti S., 

Pappalardo S., Parisi M.F., Pisagatti I., Tetrahedron Lett., 2002, 43, 7663; (b) Gargiulli C., 

Gattuso G., Notti A., Pappalardo S., Parisi M.F., Tetrahedron Lett., 2011, 52, 7116. 

13 (a) Pappalardo S., Villari V., Slovak S., Cohen Y., Gattuso G., Notti A., Pappalardo A., 

Pisagatti I., Parisi M.F., Chem. Eur. J., 2007, 13, 8164; (b) Gattuso G., Notti A., 

Pappalardo A., Parisi M.F., Pisagatti I., Pappalardo S., Garozzo D., Messina A., Cohen 

Y., Slovak S., J. Org. Chem., 2008, 73, 7280; (c) Capici C., Cohen Y., D’Urso A., Gattuso 

G., Notti A., Pappalardo A., Pappalardo S., Parisi M.F., Purrello R., Slovak S., Villari V., 



146 

 

                                                                                                                                                            
Angew. Chem., Int. Ed., 2011, 50, 11956; (d) Garozzo D., Gattuso G., Notti A., Pappalardo 

A., Pappalardo S., Parisi M.F., Perez M., Pisagatti I., Angew. Chem., Int. Ed., 2005, 44, 

4892; (e) Gargiulli C., Gattuso G., Liotta C., Notti A., Parisi M.F., Pisagatti I., Pappalardo 

S., J. Org. Chem., 2009, 74, 4350; (f) Capici C., De Zorzi R., Gargiulli C., Gattuso G., 

Geremia S., Notti A., Pappalardo S., Parisi M.F., Puntoriero F., Tetrahedron, 2010, 66, 

4987. 

14 (a) Gattuso G., Notti A., Pappalardo A., Pappalardo S., Parisi M.F., Puntoriero F., 

Tetrahedron Lett., 2013, 54, 188; (b) Barbera L., Gattuso G., Kohnke F.H., Notti A., 

Pappalardo S., Parisi M.F., Pisagatti I., Patanè S., Norberto M., Villari V., Org. Biomol. 

Chem., 2015,13, 6468. 

15 Waldeck A.R., Kuchel P.W., Lennon A.J., Chapman B.E., Prog. Nucl. Magn. Reson. 

Spectrosc., 1997, 30, 39. 



147 

 

Chapter 5 

 

Drug carriers based on a water soluble 

pillar[5]arene 

 

5.1. Introduction: synthesis and properties of pillar[n]arenes

In 2008 Tomoki Ogoshi et al.1 while they were planning to synthesize a 

polymer by condensation of 1,4-dimethoxybenzene and 

paraformaldehyde, discovered new pillar-shaped macrocycles hosts 

named “pillar[n]arenes”, where n is the number of aromatic units. These 

macrocycles contain hydroquinone units linked by methylene bridges at 

the para positions. Although the composition of pillararenes is similar to 

that of calixarenes, they have different structural characteristics (Figure 

5.1.1). Historically, reaction of phenolic derivatives with aldehydes has 

afforded various macrocyclic compounds.2 However, to obtain phenolic 

macrocyclic compounds, there are two key factors. One is controlling the 

reaction point of phenolic derivatives to inhibit the formation of three-

dimensional network polymers. The other is the inhibition of the linear 

polymer formation and acceleration of macrocyclization. 

Today, 9 years after Ogoshi initial report, pillar[n]arenes are recognized 

as key players in supramolecular chemistry; in fact the symmetrical 

pillar architecture and the electron-donating cavities of these 

macrocycles are particularly intriguing and confer them some special 

and interesting physical, chemical, and host-guest properties.  
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Figure 5.1.1. Pillararenes vs. Calixarenes. 

 

The first synthesis of pillar[5]arene 1, reported in 20081 is a condensation 

of 1,4-dimethoxybenzene with paraformaldehyde and an appropriate 

Lewis acid as a catalyst, therefore the symmetrical 1,4-

dimethoxypillar[5]arene (DMpillar[5]arene) 2, was selectively obtained 

(Scheme 5.1.1).                                                                                                                           

 

 

Scheme 5.1.1. Synthesis of DMpillar[5]arene (2) and Pillar[5]arene (1). 

 

Various Lewis acids were used for this reaction, and with BF3·O(C2H5)2, 

the cyclic pentamer was selectively obtained in 22% yield. Then 

pillar[5]arene 1, was obtained by deprotection of the methoxy groups of 

DMpillar[5]arene with a yield of 30%.1  

Subsequently, many authors changed the first synthetic procedure to 

improve the yield of the cyclization reaction, decrease the reaction time 

                p-tert-Butylcalix[5]arene                                                        Pillar[5]arene 
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and obtain pillararenes with a different size of the cavity (e.g. 

pillar[6]arenes).3 More recently different synthetic methodologies were 

developed in order to obtain mono- di- tetra- and per-functionalized 

pillar[n]arenes.4  

Pillararenes have the following characteristics: (i) despite of their simple 

structures, pillararenes show outstanding host–guest properties and 

planar chirality (Figure 5.1.2);5 (ii) viewed from the side, they have very 

symmetrical pillar-shaped architectures (Figure 5.1.3). 

 

 

                                                  (pS )                       (pR) 

 

Figure 5.1.2. Planar chiral of pillar[5]arenes: Sp (left) and Rp (right). 

 

From the top, pillar[5]arenes and pillar[6]arenes display regular cyclic 

pentagonal and hexagonal structures, respectively. In terms of cavity 

size, pillar[5]arene (approximately 5.5 Å) is almost analogous to -

cyclodextrin (approximately 4.7 Å) and cucurbit[6]uril (approximately 

5.8 Å). α-Cyclodextrin and cucurbit[6]uril bind linear alkanes and simple 

aromatic compounds.6 These guests will also fit in the cavities of 

pillar[5]arenes. Pillar[5]arenes form complexes with linear alkanes 

containing electron-poor systems such as amine, ammonium, cyano, and 
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halogen groups, as well as simple aromatic compounds such as 

pyridinium and viologen derivatives. 

  

 

Figure 5.1.3. Chemical and X-ray crystal structures of permethylated pillar[5]arene and 

perpropylated pillar[6]arene. (Adapted from Ref. 4f). 

 

(iii) Ease of functionalization at both rims by various synthetic 

approaches, which allows the construction of a variety of pillararene-

based supramolecular assemblies. 

Due to their high solubility in a large variety of solvents, low toxicity 

and specific recognition towards many model substrates, pillar[n]arenes 

have been widely used for the development of various interesting 

supramolecular systems, including nanomaterials,7 chemosensors,8 

transmembrane channels,9 and supramolecular polymers.10  
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5.1.1. Water soluble Pillar[5]arenes  

Pillar[n]arenes are inherently water insoluble but, suitable 

functionalization at the rims furnished anionic11 cationic12 and neutral13 

water-soluble pillar[n]arenes. The first water-soluble pillar[5]arene was 

synthesized in 2010 (Figure 5.1.1.1) by the introduction of carboxylate 

anions at both upper and lower rims; this derivative was able to bind 

cationic viologen salt in water;11a the second one, a pillar[5]arene 

decaamine, was synthesized in 2011 and revealed to encapsulate linear 

diacids in neutral, alkaline and acidic conditions (Figure 5.1.1.2).13a  

 

 

 

Figure 5.1.1.1. The first water-soluble pillar[5]arene. (Adapted from Ref. 11a). 
 
 

 
 
 

 

 

Figure 5.1.1.2. Pillar[5]arene decamine. (Adapted from Ref. 13a). 
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Subsequently, Huang et al. reported the synthesis of a cationic water-

soluble pillar[5]arene prepared by the introduction of 

trimethylammonium groups at both upper and lower rims which forms 

a stable 1 : 1 host–guest complex with sodium 1-octanesulfonate in water 

(Figure 5.1.1.3).12a 

 

 

 

Figure 5.1.1.3. A cationic water-soluble pillar[5]arene. (Adapted from Ref. 12a). 

 

Among various derivatives, carboxylatopillar[n]arenes (n = 5–10, WP) 

WP5 and WP6 (n = 5, 6) represent a class of water soluble pillar[n]arene 

derivatives which have gained great popularity in the last years, 

comparable to that of p-sulfonatocalix[n]arenes.14  

Carboxylatopillar[n]arenes have a -electron rich hydrophobic cavity 

and anionic carboxylate groups at the portals useful for molecular 

recognition of cationic guests. Hydrophobic analytes of appropriate sizes 

can accommodate inside the cavity of WP with the cationic end 

projecting outside for favourable electrostatic interactions with the 

anionic groups (Figure 5.1.1.4). As a result, carboxylatopillar[n]arenes 
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are ideal candidates for host-guest binding with cationic guests, and find 

application in fabricating responsive supramolecular systems for 

trapping and releasing cargo molecules.15 

 

 

Figure 5.1.1.4. a) Molecular structure and cartoon representations of carboxylate- 

pillar[n]arene scaffolds; b) Molecular structures of guests used for binding inside the 

cavity of carboxylatopillar[n]arene. (Adapted from Ref. 15). 

 

Water-soluble pillararenes have gained much attention as essential 

building blocks in the preparation of drug delivery systems.16  

Xue et al.17 reported that WP5 can complex neutral guest such as 

spermine and its analogues with extremely high association constants. 

Huang et al.18 reported on the water-soluble pillar[6]arene (WP6) used as 

a solubilising agent to enhance the solubility and bioactivity of poorly 

water-soluble anticancer drug tamoxifen by host–guest complexation. 

Another simple guest-loading system, relying solely on the cavity of 



154 

 

WP5, has been shown to act as a supramolecular container capable of 

directly encapsulate a bioactive molecule and its reversible binding and 

release has been controlled by pH variations.19  

Considering that the microenvironment of an infection site is acidic 

because of, for instance, lactic acid accumulation,20 we thought that pH 

responsive WP5 could act as a simple drug delivery system for antibiotic 

drugs. Because of the good biocompatibility and low toxicity of 

carboxylate substituted water-soluble pillar[n]arene derivatives21 and its 

known proclivity to bind alkylammonium guest,22 we decided to test the 

affinity of WP5 towards the drug Amikacin (3).  

The next section will describe a potential pillararene based drug-

transport system where WP5 and the antibiotic drug amikacin interact 

with each other forming a stable inclusion complex in aqueous solution. 

Moreover, the in vitro delivery of amikacin by the cavity of WP5 was 

achieved in a preliminary microbiological screening with a 

representative Gram-positive bacterial strain (i.e., Staphylococcus aureus 

ATCC 29213), making this host-guest system a very promising candidate 

for pharmaceutical applications. In addition, preliminary host-guest 

interactions between WP5 and levofloxacin (4), a hydrophilic broad 

spectrum antibiotic, were investigated by means of 1H NMR in order to 

validate the general applicability of WP5 as a carrier for drugs of 

different structures. Finally, WP5 was employed for the preparation of 

layer-by-layer (LbL) thin solid films on glass surfaces loaded with the 

above mentioned antibiotics, with the ultimate goal of fabricating 

antibacterial multilayered coatings for controlled drug release. 
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5.2. Results and discussion  

5.2.1. WP5 and Amikacin†  

Amikacin is a semisynthetic antibiotic known for its activity against both 

Gram-positive and Gram-negative bacteria and is commonly used for a 

number of bacterial infections, including joint infections, intra-

abdominal infections, meningitis, pneumonia, sepsis, and urinary tract 

infections and it is also used for the treatment of multidrug-resistant 

tuberculosis.23 It needs, however, to be administered in high 

concentrations in order to reach the appropriate therapeutic level. 

Because of this high dosage Amikacin may cause serious nephrotoxicity 

and ototoxicity side effects.24 

 

Figure 5.2.1.1. Chemical structure of carboxylatopillar[5]arene WP5 and the drug 

Amikacin (3). 

 

The molecular structure of this drug, possessing an -hydroxy--

ammoniumbutyryl side-chain makes amikacin a good candidate for the 

inclusion inside the cavity of WP5. In addition, because of the charge 

                                                           
† The experimental results reported in this section (relative to WP5 and Amikacin) have been 
already published: L. Barbera et al., Org. Biomol. Chem., 2017, 15, 3192. 
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complementarity between anionic WP5 and cationic 3, a combination of 

non-covalent interactions (electrostatic, CH-, cation-) was expected to 

synergically contribute to the pillararene-amikacin recognition process. 

The affinity between the two was preliminarily tested by 1H NMR 

spectroscopy, by adding increasing amounts of 3 (0.5, 1.0 and 2.0 equiv.) 

to a 4.0 mM D2O solution of WP5, to assess whether host-guest binding 

took place at all and whether this occurred in a fast or slow regime on 

the NMR time scale (Figure 5.2.1.2). 

 

Figure 5.2.1.2 1H NMR spectra (500 MHz, D2O, 298 K) of: a) [WP5] = 4.0 mM; b) [WP5] 

= 4.0 mM and [3] = 2.0 mM; c) [WP5] = [3] = 4.0 mM; d) [WP5] = 4.0 mM and [3] = 8.0; 

and e) [3] = 4.0 mM solutions. Asterisks indicate residual solvent peaks (HDO and 

CH3OH). 

Upon complexation, the hydrogen atoms of this side-chain underwent 

substantial upfield shifts (= –1.85, –0.81/–0.88 and –0.23 ppm for the 

and -hydrogen atoms, respectively, for WP5:3 = 2:1; see trace b in 

3 
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Figure 5.2.1.2). The extent of these complexation-induced shifts 

progressively decreased as the titration went on (Figure 5.2.1.2, traces c 

and d). These results are in agreement with the formation of an inclusion 

complex undergoing fast association/dissociation, in which the 

hydroxy--ammoniumbutyryl side-chain of the guest is located within 

the magnetic shielding region of the host cavity. 

Peaks’ assignments for the included alkylammonium moiety came from 

a COSY NMR spectrum (Figure 5.2.1.3.). 

 

 

Figure 5.2.1.3. Section of the COSY spectrum (500 MHz, 298 K, D2O) of a solution of 

WP5 and 3 (15.0 mM each). 
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The host-guest interaction was additionally confirmed by less 

pronounced downfield shifts observed on specific WP5 resonances (e.g., 

ArH range from 6.52 ppm to  6.68). 

 2D NOESY experiment (Figure 5.2.1.4), carried out on a 2:3 host to guest 

solution, further confirmed the inclusion of amikacin on the basis of 

several intermolecular correlation peaks observed between the Ar-H and 

OCH2 moieties of WP5 and the anomeric hydrogen atoms 1' and 1" as 

well as the  and hydrogen atoms of 3 (dashed circles in Figure 

5.2.1.4). 

 

 

Figure 5.2.1.4. 2D NOESY spectrum (500 MHz, D2O, 298 K) of a [WP5] = 15.0 mM and 

[3] = 22.5 mM solution. 
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Additional NOE interactions between the oxymethylene groups of WP5 

and the axial and equatorial hydrogen atoms linked to the C2 of the 

amikacin cyclohexyl ring were also clearly observed. According to these 

findings, the cooperativity of electrostatic, cation- and CH- 

interactions plays a key role in the recognition/binding process between 

WP5 and 3.  

Fluorescence titration experiments were carried out in order to 

determine the association constant (Kass) in aqueous solution. The 

emission spectra were recorded by adding increasing amount of 

amikacin to a 1.10  10-5 M aqueous solution of WP5 (exc = 280 nm). 

Luminescence data interpolation was carried out assuming a 1:1 

complexation model. The association constant was derived from the 

non-linear curve-fitting25 of the emission intensity changes of WP5 ( = 

327 nm) upon addition of 3. The strong value Kass = (8.48 ± 0.17)  104 M–1 

confirmed the high affinity among the two (Figure 5.2.1.5.). 

 

 

Figure 5.2.1.5. (left) Emission titration spectra (exc = 280 nm) of WP5 (1.10 × 10–5 M) 

upon addition of increasing amounts of 3 (in aqueous solution at room temperature). 

The inset shows the absorption spectra of WP5 in the absence of 3 (blue curve) and at 

the end of titration (red curve); (right) Emission intensity changes of WP5 (= 327 nm) 

upon addition of 3. The dashed red line was obtained from a non-linear curve-fitting. 
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With a view to subsequent in vitro/in vivo studies and given the 

deleterious effect played by high salt concentrations on the association 

constant of a given host/guest pair (especially when electrostatic 

interactions are likely to be involved in the recognition process) the 

efficiency of the WP5/amikacin binding was also examined in 

deuterium oxide phosphate buffered solutions (PBS, 50 mM at pH 7.2), 

with the aim of mimicking physiological conditions more closely. 

First of all, the 1:1 stoichiometry of the WP5-amikacin inclusion complex 

in a PBS was confirmed by Job’s plot analysis (Figure 5.2.1.6). To this 

end, samples were prepared by mixing aliquots of host (2 mM) and 

guest (2 mM) solution in phosphate buffer (Na2HPO4/NaH2PO4 50 mM 

in D2O, pH 7.2) in such a way the total concentration was kept constant 

([H] + [G] = 2 mM) whereas the molar fraction of the host (WP5) in the 

resulting solutions increased from 0.0 to 1.0. 

NMR titration studies were therefore carried out at a fixed WP5 

concentration (1 mM) and samples were routinely prepared by 

dissolving solid WP5 in a D2O phosphate buffer solution 

(Na2HPO4/NaH2PO4 50 mM, pH 7.2). A stock solution of amikacin ([3] = 

10 mM) was, in turn, prepared by using the above-mentioned 1 mM 

WP5 buffered solution as a convenient solvent so as, during the titration, 

the host concentration did not vary upon addition of increasing aliquots 

of the guest. 1H NMR titration experiments carried out in neat D2O and 

in the buffer solution revealed very similar spectral patterns, thus 

confirming the ability of WP5 to efficiently host the amikacin ammonium 

butyryl moiety within its cavity, even in a highly competitive medium 
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(Figure 5.2.1.7). The association constant was calculated to be (9.9 ± 1.28) 

 103 M–1 by a nonlinear regression method using the WinEQNMR.26  

 

 

Figure 5.2.1.6. Job plot of the pillararene-amikacin host-guest complex showing the 1:1 

stoichiometry between WP5 and 3. Complexation induced shifts () of the WP5 ArH 

resonances are plotted against the molar fraction of WP5.  

 

 

Figure 5.2.1.7. 1H NMR spectra (500 MHz, 298 K, D2O Na2HPO4/NaH2PO4 50 mM, pH 

7.2) of a 1.0 mM solution of WP5 upon titration with 3: a) 0.0 mM; b) 0.29 mM; c) 0.57 

mM; d) 1.23 mM and e) 2.06 mM. 
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Finally, the association constant between WP5 and 3 in phosphate buffer 

solution was also determined by fluorescence studies; the obtained value 

(Kass = (1.16 ± 0.04) × 104 M–1 ) is in excellent agreement with that 

calculated from NMR data. 

 

  

Figure 5.2.1.8. Emission titration spectra (exc = 280 nm) of WP5 (1.20 × 10–5 M) upon 

addition of increasing amounts of 3 in a buffered aqueous solution (Na2HPO4/ 

NaH2PO4 50 mM, pH 7.2). Emission intensity changes of WP5 = 327 nm) upon 

addition of 3. The dashed red line was obtained from a non-linear curve-fitting. 

 

 

5.2.2. WP5 and Amikacin: antimicrobial activity in vitro and release 

The in vitro antimicrobial activity of this pillararene-based drug-

transport system was tested against Staphylococcus aureus ATCC29213. 

For this purpose, the minimum inhibitory concentration (MIC) was first 

determined. MIC is the lowest concentration of an antimicrobial agent 

able to prevent the growth of a bacterial strain. In order to determine the 

MIC of amikacin, cultures of S. aureus ATCC 29213, at a final inoculum 

of approximately 105106 bacteria per mL, were inoculated with 

increasing aliquots of amikacin ranging between 0.25 and 64 g/mL. The 

MIC90, i.e. the lowest concentration of the drug required to prevent 90% 

of the microbial growth, of amikacin was found to be 4 g/mL. 
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Subsequent antibacterial assays were routinely carried out at a sub-MIC 

concentration (2.5 g/mL), and in the presence of increasing amounts of 

WP5 (0.5, 2.0 and 4.0 equiv.), to assess the efficacy of the pillararene-

based guest transport system. After inoculation of the samples with a 

fresh culture of S. aureus (up to a final concentration of 106 bacteria per 

mL) followed by overnight incubation, bacterial growth was monitored 

in terms of OD540, for an incubation time of 48 h.  

 

 

Figure 5.2.2.1. Kinetics of the growth of S. aureus in a MHB medium, analyzed by 

measuring the optical density at 540 nm (OD540) for an incubation time of 48 hours, 

inoculated with: amikacin (2.5 g/mL), black trace; amikacin (2.5 g/mL) and WP5 (0.5 

equiv., 1.6 M), yellow trace; amikacin (2.5 g/mL) and WP5 (2.0 equiv., 6.4 M), red 

trace; amikacin (2.5 g/mL) and WP5 (4.0 equiv., 12.8 M), blue trace; WP5 (12.8 M), 

green trace and control culture, purple trace. 

 

After 2, 4 and 8 hours of incubation, the counts of viable bacteria in the 

treated microbial samples were estimated by a colony formation assay. 

As shown in Figure 5.2.2.1, the presence of WP5 (up to 12.8 M) showed 
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no toxic effects on the bacterial growth, as the OD540 profiles of the 

cultures with and without the pillararene were almost identical (Figure 

5.2.2.1; green and purple traces, respectively). On the other hand, 

significant differences in the kinetics of growth were detected upon 

increasing the WP5 concentration (Figure 5.2.2.1; yellow, red and blue 

traces). The number of colony-forming units (given as CFU mL–1) was 

counted after 2, 4 and 8 hours of incubation and correlated to the 

concentration of WP5 in order to determine the influence of the 

macrocycle on the antibacterial activity of amikacin. Over a period of 8 h, 

after exposure to free amikacin, the percentage of viable bacterial cells 

was significantly reduced (CFU ~50% with respect to the control culture) 

and this growth reduction remained constant over time (Figure 5.2.2.2, 

black bars). Conversely, with pillararene-to-amikacin ratios of up to 2:1 

and 4:1, the count of viable bacteria linearly increased over time, 

reaching CFU values of 88 and 100% respectively after 8 hours of 

incubation (Figure 5.2.2.2., red and blue bars). The CFU increase 

observed upon increase of the WP5 concentration, is indicative of a 

progressive reduction of the antimicrobial activity. This data are in 

agreement with an effective trapping of amikacin within the pillararene 

cavity, which prevent the antibiotic from efficiently inhibiting bacterial 

growth during the first 8 hours. 
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Figure 5.2.2.2. Colony-forming units (CFU) of S. aureus grown in a MHB after 2, 4 and 8 

hours of incubation following inoculation with: amikacin (2.5 g/mL); amikacin (2.5 

g/mL) and WP5 (0.5 equiv., 1.6 M); amikacin (2.5 g/mL) and WP5 (2.0 equiv., 6.4 

M); amikacin (2.5 g/mL) and WP5 (4.0 equiv., 12.8 M); WP5 (12.8 M) and control 

culture; black, yellow, red, blue, green and purple bars, respectively. 

 

Because the solubility of WP5 is known to be pH-dependent,27 we tested 

the release of amikacin from the cavity of WP5 by changing the pH of 

the solution. After treatment of a D2O solution of a 1:2 WP5-amikacin 

complex ([WP5] = 4.0 mM) with a slight excess of 6 M DCl (2 L) the 

expected precipitation of the protonated form of WP5 was observed. 1H 

NMR analysis of the filtrate revealed that the amikacin resonances were 

shifted back to their original position (prior to pillararene addition, 

Figure 5.2.2.3), showing that amikacin may readily be released back into 

solution as a result of a pH variation. Considered the acidic 

microenvironment of an infection site19, this pillar-based guest-transport 

system offers great potential in the biomedical/pharmaceutical field as 

an amikacin targeted-delivery system. 
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Figure 5.2.2.3. 1H NMR spectra (500 MHz, 298 K) of D2O solutions of: a) [WP5] = 4 and 

[3] = 8 mM; b) [WP5] = 4 and [3] = 8 mM upon addition of an aqueous solution of 6 M 

DCl (2 L) and c) [3] = 4 mM. 

 

5.2.3. WP5 and Levofloxacin: preliminary experimental data 

Levofloxacin is a fluoroquinolone antibacterial used to treat a number of 

bacterial infections including acute bacterial sinusitis, pneumonia, 

urinary tract infections, chronic prostatitis, and some types 

of gastroenteritis.28 Along with other antibiotics it may be used to treat 

tuberculosis, meningitis, or pelvic inflammatory disease.29 

 

 

Figure 5.2.3.1. Chemical structure of the drug Levofloxacin 4. 

 

4 

https://en.wikipedia.org/wiki/Bacterial_infection
https://en.wikipedia.org/wiki/Chronic_bacterial_prostatitis
https://en.wikipedia.org/wiki/Gastroenteritis
https://en.wikipedia.org/wiki/Meningitis
https://en.wikipedia.org/wiki/Pelvic_inflammatory_disease


167 

 

The molecular structure of this drug, makes it a good candidate for the 

inclusion inside the cavity of WP5. In order to test the affinity between 

this drug and WP5, 1H NMR experiments were carried out by adding 

increasing amounts of 4 (0.5, 1.0 and 3.0 equiv.) to a 1.0 mM D2O solution 

of WP5. Upon complexation, the hydrogen atoms on C20, C22 and C26 

of the piperazine ring underwent substantial upfield shifts (= -0.71 

and -0.89 ppm, for the hydrogen atoms 20, 22 and 26 respectively, for 

WP5:4 = 2:1; see trace b in Figure 5.2.3.2). Furthermore, host-guest 

interaction was additionally confirmed by less pronounced downfield 

shifts on specific WP5 resonances (e.g., ArH  = 0.17 ppm , for WP5:4 = 

1:3, trace d in Figure 5.2.3.2). 

 

 

Figure 5.2.3.2. 1H NMR spectra (300 MHz, D2O, 298 K) of: a) [WP5] = 1.0 mM; b) [WP5] 

= 1.0 mM and [4] = 0.5 mM; c) [WP5] = [4] = 1mM; d) [WP5] = 1 mM and [4] = 3 mM; 

and e) [4] = 4.0 mM. 
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These preliminary data are in agreement with the formation of an 

inclusion complex undergoing fast association/dissociation, in which the 

piperazine ring of the guest is located within the shielding region of the 

host cavity. 

2D NOESY experiment (Figure 5.2.3.3), carried out on a 1:1 host to guest 

solution (16 mM), further confirmed the inclusion of levofloxacin on the 

basis of intermolecular correlation peaks observed between the Ar-H 

and OCH2 moieties of WP5 and the hydrogen atoms on C19, C20, C22, 

C23 and C26 of 4 (dashed circles in Figure 5.2.3.3). 

 

 

Figure 5.2.3.3. Section of the 2D NOESY spectrum (500 MHz, D2O, 298 K) of a [WP5] = 

16 mM and [4] = 16 mM solution. 

 

NMR titration studies were also carried out in order to determine the 

association constant (Kass) in deuterium oxide and in phosphate buffered 
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deuterium oxide solutions (PBS, 50 mM at pH 7.2), with the aim of 

mimicking physiological conditions more closely. The obtained Kass 

values (4.0 ± 0.83)  103 M–1 in D2O solutions and  (5.47 ± 1.16)  102 M–1  

in D2O phosphate buffered solutions, were calculated (assuming a 1:1 

stoichiometry) by a nonlinear regression method using the 

WinEQNMR.26 

The results obtained with the two structurally different antibiotics 

amikacin (3) and levofloxacin (4), prompted us to exploit the general 

applicability of WP5 in the development of multilayered films with 

antibiotic loading and releasing properties.  

 

5.3. WP5 and layer-by-layer assembly 

5.3.1. Introduction 

Over the past few decades layer-by-layer (LbL) assembly has emerged as 

a powerful technology for fabricating nanostructured multilayered films 

and nanocomposites with tailored composition, structure, thickness and 

function.30 The LbL strategy, commonly performed in water solution, 

represent a simple, low cost and mild method to obtain functional 

surface modification. LbL assemblies are formed by stepwise alternate 

adsorption of complementary building blocks of different nature (such 

as polyelectrolytes,31 DNA, dendrimers,32 nanoparticles (NPs),33 

polypeptides,34 macrocycles,35 etc.) on a substrate of almost any shape 

and size, occurring either via electrostatic or non-electrostatic 

interactions (hydrogen bonding, metal-ion coordination, host-guest 

interaction, covalent bonds, and so on).  
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LbL films have shown potential applications in the areas of nanoreactors, 

electrochemical devices, separation membranes, biosensors, surface 

modification, coatings and drug delivery. LbL-based drug delivery 

devices are capable of bringing together many of their advantages:36 (i) 

LbL devices can be loaded with both water soluble/non-soluble 

substrates; (ii) they can be designed to be robust and stable within wide 

range of temperature, pH and ionic strength values, including in 

physiological conditions; (iii) drug release can be controlled by external 

stimuli; (iv) the release can be further controlled by assembling a 

variable number of layers, which act as a controllable barrier against 

drug diffusion; (v) multiple drug delivery is achievable by incorporating 

different drugs along the thickness of the films, due to the possibility of 

selecting the type of materials deposited along the vertical axis; (vi) 

multilayered films can be loaded with growth factors and stored for long 

periods of time as high as one year without extensive degradation or 

bioactivity loss; (vii) finally, the versatility of LbL allows constructing 

systems with the shape that is more appropriate to the desired end. 

However, LbL is not without disadvantages. It involves long 

construction times, with the assembly of a single layer taking typically a 

few minutes but dependent on the nature of the constituents. 

Bioactive molecules such as drugs, proteins, peptides and even nucleic 

acids can be incorporated to LbL films following two main routes. One 

involves the direct inclusion of the drug as one of the building blocks 

during the film construction. Thus, the amount and the nature of the 

loaded bioactive agents can be regulated by changing the number of 

layers. However, in multilayered structures the building blocks may 
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exhibit interlayer diffusion, which may be difficult to control over their 

subsequent release.37 A second route to load drugs is their 

immobilization by using concentrated drug solutions after the 

construction of the carrier. Such an approach is viable for low molecular 

weight drugs, which diffuse easily through the pores of the film.38 

Alternatively, both mechanisms can be used simultaneously.39 

In the previous sections it was reported that deca-

carboxylatopillar[5]arene WP5 tightly binds amikacin and levofloxacin 

under physiological conditions. Thus, our next objective was to transfer 

the host-guest ability of WP5 from solution to a LbL film with biocidal 

and anti-fouling activity to be used to prevent bacterial adhesion and 

proliferation on the surfaces of medical implants and devices. To this 

aim we have built up a LbL assembly onto glass or quartz substrates via 

the electrostatic interaction method, alternating layers of cationic 

polyallylamine hydrochloride (PAH) and anionic deca-

carboxylatopillar[5]arene WP5, with the final intent to achieve anti-

bacterial films after loading with model antibiotics amikacin (3) and 

levofloxacin (4).  

 

5.3.2. Results and discussion  

The LbL films were fabricated by alternating deposition of WP5 and 

PAH on glass or quartz slides. First of all, to generate anionic silanol 

moieties on the surface of the glass, the substrates were sonicated in 

concentrated nitric acid (98%) for 30 minutes, washed first with distilled 

water and then with ethanol, and finally dried for 48 h at 60 °C. The 

glass surface was immersed in an aqueous solution of polyallylamine 
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hydrochloride PAH (3 mg/mL) for 15 minutes to introduce positively 

charged molecules onto the anionic substrate surface, washed with a 

large amount of water to remove the excess of unmodified positive 

polyelectrolyte, and dried to obtain the cationic monolayer. Then, it was 

immersed in an aqueous solution of WP5 (1.3 mg/mL) for 15 minutes to 

introduce negatively charged molecules, washed with a large amount of 

water, and dried to give the bilayer with an anionic surface. 

Multilayered films 16L (nL, n is the number of deposited layers) were 

obtained by repeating the alternating immersion steps (Figure 5.3.2.1). 

 

 

 

 

5.3.2.1. Schematic representation of the LbL-assembly 

 

The build-up of the multilayers was monitored after each immersion 

step in the WP5 solution with an UV-vis spectrometer (Figure 5.3.2.2). 

The absorption at   293 nm, which corresponds to the absorption of 
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aromatic moieties of the pillar[5]arene, increases with increasing number 

of deposited bilayers, thus confirming for the adsorption of the 

oppositely charged electrolytes on the surface. 

 

 

Figure 5.3.2.2. UV−vis absorption spectra of LbL-assembled multilayer films using 

PAH (+) and WP5 (-) with layer number n = 1−16 on a quartz substrate (2L at the 

bottom; 16L at the top). 

 

Finally, the 16L surface was immersed in an aqueous solution of 

Amikacin (8.0 mg/mL) or Levofloxacin (3.6 mg/mL) for 1 hour, washed 

with a large amount of water, and dried to load the drug into the 

multilayers by taking advantage of the high affinity between the two 

drugs and WP5. In the case of Levofloxacin UV-vis and fluorescence 

experiments carried out on the quartz surface confirmed the 

immobilization of the drug inside the multilayered films (grey lines 

Figure 5.3.2.3). 
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Figure 5.3.2.3. (left) UV−vis absorption spectra of LbL-assembled multilayer films first 

and after Levofloxacin immobilization (2L at the bottom; after loading of Levofloxacin 

on 16L films at the top); (right) Fluorescence spectrum of Levofloxacin loaded on 16L 

films (exc 330 nm). 

 

The antibacterial activities of the functionalized films (WP5/PAH/drug) 

were evaluated against two strains of bacteria, P. aeuriginosa ATCC 27853 

(Gram negative) and S. aureus ATTCC 2913 (Gram Positive).  

To this aim the samples and control pieces were placed into a sterile 6-

well microplate, next 4 mL of the bacterial culture in MHB medium (P. 

aeuriginosa 3.5  104 bacteria/mL, S. aureus 4.5  104 bacteria/mL) was 

added to each well. For each pathogen, the microbial growth was 

measured at different times (2, 4, 6, 8 hours) counting the number of 

CFU of the bacterial suspension. Figure 5.3.2.4 shows that bacterial 

growth in solution was significantly reduced when bacteria were 

cultured in the presence of WP5/PAH/drug films (red and blue lines) 

rather than with WP5/PAH (green line).  
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Figure 5.3.2.4. Colony-forming units (CFU) of P. aeruginosa and S. aureus grown in MHB 

medium after 2, 4 and 8 hours. 

 

Conventional antimicrobial multilayered films provides two main 

actions for killing bacteria. Bacteria are either killed by direct contact 

with the surface or by the controlled release of the antimicrobial agents 

into the biological fluids. A standard way for quantifying the contact 

induced killing of bacteria on the multilayered films is the "Live and 

Dead" assay.40  To this aim, after 8 hours of incubation, the adhering cells 

were stained by using the “Live-Dead Kit” (BacLight Bacterial Viability 

Kit) and fluorescence images were recorded. All bacteria on the surface 
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were labelled with SYTO 9 green-fluorescence dye, while only the 

bacteria with damaged cellular membrane were additionally stained by 

a red-fluorescence dye (propidium iodide). 

Preliminary fluorescence images of “Live” and “Dead” on multilayered 

films are reported in Figures 5.3.2.5 and 5.3.2.6. 

 

 

Figure 5.3.2.5. Merged image of P. aeuriginosa on multilayered films of: a) WP5/PAH; 

b) WP5/PAH/levofloxacin; c) WP5/PAH/amikacin.  

 

 

 

Figure 5.3.2.6. Merged image of S. aureus on multilayered films of: a) WP5/PAH; b) 

WP5/PAH/levofloxacin; c) WP5/PAH/amikacin.  

 

For both bacterial strains, data show that WP5/PAH samples do not 

inhibit cell adhesion on multilayered films (Figures 5.3.2.5-A and 5.3.2.6-

A), while multilayered films loaded with levofloxacin or amikacin reveal 

a consistent reduction of cell adhesion, for both considered strains. 

Furthermore, most of adhering bacteria (see Figures 5.3.2.5B,C and 
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5.3.2.6B,C ) display a red-orange fluorescence indicating an accentuated 

mortality. 

These preliminary experimental results show that our drug-loaded films 

exhibit efficient antibacterial activity, killing bacteria both by direct 

contact with the film surface and by the controlled release of the 

antimicrobial agents into the medium.  

Studies are currently in progress to determine the optimal number of 

bilayers and the amount of antibiotic drug loaded. 

 

5.4. Conclusions 

In this Chapter I reported our successful results on the interaction of 

deca-carboxylatopillar[5]arene WP5 and two model antibiotic drugs, 

amikacin and levofloxacin. I also described the development of 

WP5/PAH/drug multilayered films by using the layer-by-layer 

methodology. According to our results, the WP5/drug system 

represents a very promising candidate for the development of medical 

devices with antiadhesive and antibacterial properties (catheters).  
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5.5. Experimental section 

5.5.1. Materials and Methods 

Deca-carboxylatopillar[5]arene (WP5) was synthesised starting from 

pillar[5]arene1 1 with small modifications of the reported method.11a 

Amikacin disulfate salt (3) and levofloxacin (4) were obtained from 

Sigma-Aldrich. The strain of Staphylococcus aureus and Pseudomonas 

aeuriginosa used in the microbiological studies were purchased from the 

American Type Culture Collection (ATCC 29213, LGC Promochem, 

Milan, Italy). The other chemicals were reagent grade and were used 

without any further purification.  

 

5.5.2. General Experimental Methods. 

1H NMR spectra were recorded at room temperature in D2O, at 500 or 

300 MHz. The solvent residual peak ( = 4.65 ppm) was used as an 

internal standard for 1H NMR spectra. NOESY spectra were recorded on 

a spectrometer equipped with a pulse-field gradient probe, using a 300 

ms and 350 ms mixing time for WP5:3 and WP5:4 host-guest complex 

respectively, 16 transients for each increment (256 in total) and a 

relaxation time of 3 s. NMR titration studies were carried out at a fixed 

WP5 concentration (1 mM) and samples were routinely prepared by 

dissolving solid WP5 in a D2O phosphate buffer solution 

(Na2HPO4/NaH2PO4 50 mM, pH 7.2). A stock solution of the drug ([3] = 

10 mM; [4] = 5 mM) was, in turn, prepared by using the above-

mentioned 1 mM WP5 buffered solution as a convenient solvent so as, 

during the titration, the host concentration did not vary upon addition of 
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increasing aliquots of the guest. The association constants were 

calculated by a nonlinear regression method using the WinEQNMR 

program.26 

UV/Vis absorption spectra were taken on a Jasco V-560 

spectrophotometer. For steady-state luminescence measurements, a 

Jobin Yvon-Spex Fluoromax 2 spectrofluorimeter was used, equipped 

with a Hamamatsu R3896 photomultiplier. Spectra were corrected for 

photomultiplier response using a program purchased with the 

fluorimeter. The absorption and luminescence data were fitted with the 

SPECFIT program, [SPECFIT, Spectrum Software Associates, R. A. 

Binstead, Chapel Hill, 1996.].  

Fluorescence images were obtained using a Leica DMRE epifluorescence 

microscope with Leica C Plan 63× objective, using a BP 515-560 nm 

excitation filter in combination with a LP 590 nm suppression filter. 

 

5.5.3. Determination of the minimum inhibitory concentration (MIC). 

MIC is the lowest concentration of an antimicrobial agent able to prevent 

the growth of a bacterial strain.  In order to determine the MIC of 

amikacin, cultures of S. aureus ATCC 29213, at a final inoculum of 

approximately 105106 bacteria per mL, were inoculated with increasing 

aliquots of amikacin ranging between 0.25 and 64 g/mL. The MIC90, i.e. 

the lowest concentration of the drug required to prevent 90% of the 

microbial growth, of amikacin was found to be 4 g/mL. Subsequent 

antibacterial assays were routinely carried out at a sub-MIC 

concentration, namely 2.5 g/mL, to assess the efficacy of the 

pillararene-based guest transport system. 
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5.5.4. Antibacterial activity assessment. 

S. aureus ATCC 29213 was grown at 37 °C in a Mueller Hinton broth 

(MHB) prior to use. The microorganisms were stored in a Trypti-case 

Soy broth (TSB), containing 20% (v/v) glycerol, at 80 °C. Four different 

MHB samples containing amikacin (2.5 g/mL) and increasing amounts 

of WP5 (0.0, 0.5, 2.0 and 4.0 equiv., respectively) were prepared and 

inoculated with a fresh culture of  S. aureus up to a final concentration of 

106 bacteria per mL. Following overnight incubation in a shaker 

incubator (350 rpm) operating at 37 °C, the bacterial growth was 

monitored by an automated turbidometry analyzer (Bioscreen C 

Labsystems). Ten replicates of bacterial cultures containing each of the 

aforementioned WP5/amikacin ratios were incubated in honeycomb 

plates for 48 h at 37 °C under continuous shaking. Read-outs of the 

bacterial culture optical density at 540 nm (OD540) were periodically 

taken at 15 min. time intervals. Bacterial growth was monitored in terms 

of OD540, for an incubation time of 48 h. After 2, 4 and 8 hours of 

incubation, the counts of viable bacteria in the treated microbial samples 

were estimated by a colony formation assay. The number of colony-

forming units (CFU) was counted and expressed as percentage of CFU 

mL–1. 

 

5.5.5. Antibacterial activity of LbL systems 

For each strain, the protocol was the following: (i) inoculate 50 ml of 

Mueller Hinton Broth (MHB) with a thawed glycerol stock, (ii) allow the 

culture to grow overnight at 37° C with vigorous shaking (250 rpm); (iii) 
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transfer bacteria in MHB fresh and incubate at 37° C with vigorous 

shaking (250 rpm) for three hours; (iv) dilute the bacterial culture, in 

exponential growth, at a final inoculum of approximately 104-105 CFU.  

Then samples and control pieces were placed into a sterile 6-well 

microplate and next 4 mL of the bacterial culture in MHB medium (P. 

aeuriginosa 3.5  104 bacteria/mL, S. aureus 4.5  104 bacteria/mL) was 

added to each well. For each pathogen, the microbial growth was 

measured at different times (2, 4, 6, 8 hours) by determining the CFU of 

the bacterial suspension, assuming that each colony has raised from one 

single bacterium.  
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