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Abstract 

The potential applications of polyaminocyclodextrins were investigated in the present work. In 

particular, different polyaminocyclodextrin derivatives (amCDs) were obtained by exploiting a 

straightforward synthetic protocol based on the nucleophilic displacement reaction between heptakis-

(6-deoxy)-(6-bromo)-βCD (BrβCD) and linear polyamines. Provided suitable NMR, ESI-MS and 

potentiometric characterization, different possible applications of these materials were investigated. 

First, the ability to give host-guest inclusion complexes with different organic guests was evaluated both 

for the free amCDs and for amCD-based nanosponge materials. The latter ones were synthesized by 

polymerization of amCDs with BrβCD and characterized by FT-IR, solid-state NMR, DSC, 

porosimetry and potentiometric titration techniques. In both cases, pH-tunable inclusion properties were 

found. The external binding abilities of amCDs, due to the presence of the polyamine arms, were also 

confirmed by using a model polyanion (alginate) and a plasmid DNA (pUC19). In the latter case, the 

ability to support possible DNA uptake and bacterial transformation was tested on a Ca-competent E. 

coli bacterial strain. Among the other possible applications, the already know ability of amCDs to 

stabilize silver nanoparticle (AgNPs) systems was exploited. Two different Ag/amCD nanoparticle 

systems were prepared and used as catalysts for the NaBH4 reduction of aromatic nitrocompounds. The 

catalysts are characterized by a peculiar structure with the presence of a silver metal core, covered 

“onion-like” by different layers of amCD, which undergoes significant structural modifications during 

the reduction process (confirmed by TEM, DLS and UV-vis evidences). Analysis of the unexpected 

kinetic results using a modified Langmuir-Hinshelwood model, enabled to achieve a thorough 

elucidation of the reaction mechanism. The amCDs were also used for the synthesis of palladium 

nanoparticles, which were tested as catalysts for the Suzuki C-C coupling reaction. Once again, the 

results obtained show that the presence of the amCD plays a significant role in the reaction course. 

The final section describes the activity carried on during a stage in the laboratories directed by prof. P. 

Shahgaldian of the FHNW University – Basel (Switzerland), on the photothermal activation of -

Galactosidase by means of cyclodextrin-capped gold nanoparticles. 

   

Nel presente lavoro sono state prese in esame le potenziali applicazioni delle poliamminociclodestrine. 

In particolare, diversi derivati poliamminociclodestrinici (amCD) sono stati ottenuti utilizzando un 

approccio sintetico diretto, tramite reazione di sostituzione nucleofila tra la heptakis-(6-deossi)-(6-

bromo)-βCD (BrβCD) e poliammine lineari. Una volta effettuata l’opportuna caratterizzazione NMR, 

ESI-MS e potenziometrica, sono state investigate diverse possibili utilizzazioni di tali materiali. 

Anzitutto, sono state valutate le capacità di dare complessi di inclusione host-guest con diversi derivati 

organici sia delle amCD libere che di materiali costituiti da nanospugne a base di amCD. Questi ultimi 

sono stati sintetizzati per polimerizzazione di amCD con la BrCD, e caratterizzati tramite tecniche 

FT-IR, NMR in stato solido, DSC, porosometriche e potenziometriche. In entrambi i casi sono state 

verificate proprietà di inclusione pH-modulabili. Le capacità di legame esterno delle amCD dovute alla 

presenza dei bracci poliamminici sono state anche confermate utilizzando un polianione modello 

(alginato) e un DNA plasmidico (pUC19). In quest’ultimo caso, le capacità di supportare l’eventuale 

trasporto del DNA e la trasformazione batterica sono state testate su cellule di E. coli Ca-competenti. 

Tra le altre possibili applicazioni, si sono sfruttate le già note capacità delle amCD di stabilizzare 

nanoparticelle di argento (AgNP). Due differenti sistemi nanoparticellari Ag/amCD sono stati 

preparati e usati come catalizzatori per la riduzione di nitrocomposti aromatici con NaBH4. I 

catalizzatori risultano caratterizzati da una particolare struttura a cipolla, con un nucleo di argento 

ricoperto da diversi strati di amCD, la quale subisce significative modificazioni durante la reazione di 

riduzione (confermate da evidenze TEM, DLS e UV-vis). L’analisi degli inattesi risultati cinetici tramite 

un approccio tipo Langmuir-Hinshelwood modificato ha permesso di acquisire una approfondita 
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elucidazione del meccanismo di reazione. Le amCD sono state anche utilizzate per la sintesi di 

nanoparticelle di palladio, che sono state testate come catalizzatori per la reazione di coupling C-C di 

Suzuki. Di nuovo, i risultati ottenuti mostrano che la presenza della amCD gioca un ruolo significativo 

nel decorso della reazione. 

L’ultima parte della presente dissertazione descrive l’attività svolta in un periodo di stage presso il 

laboratorio di ricerca del prof. P. Shahgaldian della FHNW University di Basilea (Svizzera), 

riguardante l’attivazione fototermica di -galattosidasi tramite nanoparticelle d’oro stabilizzate con 

ciclodestrine. 
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- 1 - 

GENERAL OVERVIEW 

 

 

 

1.1 - Cyclodextrins: structure, properties and applications 

Since their discovery by Villiers in 1891,1 Cyclodextrins (CDs) have known an increasing 

interest, as one of the most famous and studied class of supramolecular hosts. An impressive 

number of papers and reviews and an entire volume of “Comprehensive Supramolecular 

Chemistry” have been dedicated to them.2 Dating from 1948, over 37000 publications (source: 

Scopus) focus on this subject, with a roughly linear increasing trend over the last thirty years 

(Figure 1.1). This accounts for the undoubted topicality and vitality of this research field, which 

may be confidently predicted to be even furtherly productive for long time in the future. 

 

 

 

Figure 1.1 – Number of publications per year from 1961 on the topic “Cyclodextrin” (source: Scopus). 
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Cyclodextrins are cyclic oligosaccharides made up of α-glucopyranose units linked by 1,4 

glycosidic bridges.3,4 According to the number of glucopyranose units, the most important CDs 

known and studied are the αCD (six units), the βCD (seven units) and the γCD (eight units) 

(Figure 1.2). These are natural products deriving from enzymatic degradation of starch by 

means of the Cyclodextrin-Glucanotransferase enzyme (CGTase), produced by bacteria such 

as Bacillus Amylobacter1 or B. Macerans.5 Higher member CDs6-8 (up to 26 glucose units, or 

even beyond), as well as the smallest five units member,9 are known in literature, but they are 

mainly products of chemical synthesis and have been less extensively studied.  

 

 

Figure 1.2 – Structures of Cyclodextrins. 

 

CDs possess a torus-like structure with a cavity that is wider and wider in size as the number 

of glucopyranose units increases (Table 1.1) This kind of structure is characterized by the 

presence of a narrower edge (primary rim) and a wider edge (secondary rim). On the primary 

rim primary hydroxyl group on C6 reside, whereas in the secondary one reside the secondary 

hydroxyl group on C2 and C3. The inner wall of the cavity is featured by the presence of the 

H3 and H5 hydrogen atoms and of the ether-like oxygen of the glycosidic bridges. This confers 

an hydrophobic character to the cavity. Furthermore, the electron confinement of oxygen lone 

pair inside the CD cavity, gives rise to a local electric field. As a consequence, the primary and 

secondary rims respectively acquire a positive and negative polarity.10-12  

The physical and chemical properties of αCD, βCD and γCD show quite regular trends, except 

for the water solubility that drop off in the case of βCD (Table 1.1).4 The lesser solubility of 

βCD is related on one side to the odd number of primary hydroxyl groups, which break the 

hydrogen-bonded structure of water (having in turn an even number of hydrogen bond 

donors/acceptors groups). 
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Table 1.1 – Properties of Cyclodextrins 

 αCD βCD γCD 

Number of glucose unit 6 7 8 

Molecular weight (g/mol) 972.85 1134.99 1297.14 

Cavity diameter (Å) 4.7-5.2 6.0-6.4 7.5-8.3 

External diameter (Å) 14.2-15.0 15.0-15.8 17.1-17.9 

Depth (Å) 7.9-8.0 7.9-8.0 7.9-8.0 

Internal cavity volume (Å3) 174 262 472 

Solubility in water (25°C, g/L) 145 18.5 232 

Number of H2O molecules in the cavity 6 11 17 

Melting point (°C) 250-260 255-265 240-245 

pK at 25°C 12.332 12.202 12.081 

D](deg) +150.5 +162.0 +177.4 

 

On the other side, the presence of an effective homodromic intramolecular hydrogen bonds 

network between the secondary hydroxyl groups stiffens the overall structure and hampers the 

formation of hydrogen bonds with water. At this regard it is worth mentioning that the 

methylation of secondary hydroxyl groups increases the water solubility of βCD.13 The lesser 

solubility of the title βCD in water is also the reason of the wider use of it with respect to the α 

and γ homologues: indeed, obtaining βCD by precipitation from aqueous solution is easier and 

cheaper. 

The main reason why the chemistry of CDs is so much appealing is their ability to form host-

guest inclusion complexes (which should more correctly addressed as “cavitates”) with a wide 

range of diverse organic molecules,14,15 together with their nontoxic and therefore 

biocompatible nature. As a matter of fact, the hydrophobic cavity of CDs provides a favorable 

microenvironment able to fit suitably sized and shaped molecular moieties, in such a way to 

form supramolecular host-guest complexes. The hydrophobic cavity, joined with the outer 

hydrophilic structure, allows also vehiculation and delivery of organic molecules in an aqueous 

environment.16 For these reasons CDs have known a rapid diffusion in many application fields 

as: i) pharmaceutic used as drug delivery systems;17,18 ii) cosmetic as main excipient of 

fresheners;19,20 iii) food and agro industry as protecting agent for flavourings and nutrients;21 

iv) analytical chemistry as modified stationary phase in chromatographic separation22 and so 

on23,24. Furthermore, the peculiar nature of CDs enables them to interact with biological 

membranes.25,26 In particular, they can extract structural components as cholesterol27,28 or 

phospholipids,29 or alternatively, they can undergo internalization. In the last case, this allows 

the internalization of any possible included guest.  

The formation of inclusion complexes with CDs has been thoroughly investigated in the last 

decades. Therefore, the thermodynamic aspects of the process and the driving forces implied at 

a microscopic level can to date considered quite well understood.  Many energy contributions 

take part to the formation and stabilization of the inclusion complex, such as hydrogen bonding, 
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Van der Waals interactions, hydrophobic effects, electrostatic interactions.14,15,30,31 Moreover, 

a crucial factor is the ability of the fairly flexible CD structure to undergo conformational 

change upon guest binding also known as “induced fit effect”.32,33 The latter process enables the 

host to maximize its interaction with the guest, enhancing the stability of the aggregate. 

Nevertheless, the main driving force of the complexation process is considered the release of 

high-energy water molecules from the hydrophobic cavity and the hydrophobic effects.16 The 

release of water molecules provides a favourable enthalpy contribution, because these 

molecules are clustered and do not interact properly with the cavity walls, then upon re-join 

with the bulk solvent a number of hydrogen bonds are formed. The hydrophobic effect provides 

a mainly entropic favourable contribution. It is possible to illustrate this taking into account that 

presence of free CD and guest in solution implies the formation of two holes in the water 

framework, which force the water molecules to organize themselves and provide a solvation 

cage around the CD, or to minimize the contact with the usually non-polar guest molecules. 

After the formation of the complex has occurred, holes in the water structure are suppressed, 

with a net entropic gain due to the partially recovered dynamic nature of hydrogen bonding 

structure of water. Of course, upon complex formation a number of non-covalent interactions 

occur, according to the nature of CD, guest and solvent;34,35 for this reasons it is not possible to 

docket each complexation process as enthalpy- or entropy-driven, and an enthalpy-entropy 

compensation effect is frequently observed.15,36,37 The latter issue has been strictly debated in 

literature. Indeed, is necessary to consider that the formation of an inclusion complex is an 

equilibrium process, with an equilibrium constant critically depending on the free energy 

change associated to the system upon complex formation. The decrease in free energy is related 

to the specific and selective interactions between CD and guest involved.34,36,38-40 

 

1.2 – Chemical modification of cyclodextrins 

Chemical derivatization of native CDs is an appealing issue, because it can involve a 

modification of both the physicochemical properties and the binding abilities of the title 

molecule, and may open the way to new and interesting applications such as catalytic or 

enzyme-mimetic systems or tailored drug delivery vectors. However, it is often quite a 

challenge, because of the already highly functionalized nature of the native molecule. The 

presence of so many hydroxyl groups and their different reaction features do not allow to set 

up an easy and a priori general synthetic route. The only chance to obtain the desired product 

is mainly exploiting the different features of the hydroxyl groups41,42 namely: i) the lesser 
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hindrance of primary -OH groups on C6 position; ii) the fair acid character of secondary C2-

OH groups; iii) the steric hindrance of C3-OH groups.   

Regioselective modification of C6-OH groups can be accomplished under neutral conditions, 

since they are more nucleophilic than the secondary ones. A general synthetic route provides 

the replacement of the primary -OH groups with better living groups such as p-toluensulphonyl 

group or halogen atoms, which can be afterwards displaced with the desired derivatizing group.  

Hydroxyl groups on the secondary rim are less reactive due to the rigid nature of this edge, as 

well as for the presence of the intramolecular hydrogen bond network. Although the 

nucleophilic character of these -OH may be improved under strongly alkaline conditions, their 

regioselective modification is unviable (especially for the less reactive C3-OH), owing to the 

occurrence of large amounts of by-products. In particular, if a leaving groups is present on the 

C6 positions, strongly alkaline conditions can result in an intramolecular cyclization reaction 

by alkoxy groups C3 position giving 3,6-anhydro products. Then for the selective modification 

of the secondary rim it is previously required to protect the primary -OH groups, usually as 

silylethers. Subsequent reaction with electrophilic species such as acyl chlorides or tosyl-

chlorides in stoichiometric amount (1:1 mol:mol) usually involves the more acidic (2)-OH 

groups. However, it is important to stress that under these conditions complex mixtures of 

products (mono- and bis- derivatives) are usually obtained, which are often difficult to purify 

by chromatography. Moreover, the mono-2-tosyl CD derivatives undergo under alkaline 

conditions an intramolecular elimination process, affording a mono-manno-2,3-epoxide that, 

after reaction with a nucleophile, ultimately leads to a mono-altro-derivative bearing the 

nucleophilic substituent at the 3-position of the altrose ring (Figure 1.3).  

 

 

Figure 1.3 – Possible chemical transformations of CDs. 



14 

 

Of course, the reaction of the formely protected CD with an excess of electrophilic agent, 

affords the corresponding perfacial derivative. Final deprotection of the primary -OH groups 

can be accomplished in all cases by reaction with a fluoride ion source such as TBAF.  

Considering the reactivity of the hydroxyl groups, it is also necessary to take into account that 

the derivatizing agent could give rise, depending on its structure and the different cavity volume 

of the employed CDs, to an inclusion complex with CD. This may affect the substitution on a 

specific site, in term of yield and selectivity. Finally, it is also necessary to consider the possible 

role of the solvent, which can compete for the inclusion in the CD cavity, affecting the 

selectivity of derivatizing process as well. 

In term of degree of substitution, the possibility to achieve the mono-, bis-, perfacial or 

exhaustive derivatization have been explored in detail. Of course, in the first three cases, other 

than the number of equivalents of the derivatizing agent used, it is necessary to remind that the 

subsequent introduction of a derivatizing group becomes more and more difficult as the number 

of groups increases, especially on the crowded secondary rim. However, the exhaustive 

substitution of all three positions is paradoxically the easiest choice, because it is only necessary 

to place the CD in the presence of a very large excess of derivatizing agent. 

As it was mentioned previously, the modification of CDs allows to confer them peculiar 

characteristics, either as physical properties, for example varying their solubility, or using 

specific derivatizing agent providing CDs with suitable chemical properties, allowing them to 

act as catalysts,43,44 enzyme-mimetic systems,45,46 photoreactors47 etc.48 In the latter cases the 

nature and size of the desired derivatizing group plays an important role in determining the 

better synthetic route. As the derivatizing group structure becomes more and more complex, it 

is possible to choose between alternative strategies, namely a top-down or a bottom-up 

approach. The former one consists in the direct insertion of a previously synthetized 

derivatizing group on the CD scaffold, whereas the latter one, provides the progressive 

construction of the desired derivatizing group on the CD scaffold starting from smallest 

components and following the most suitable series of reactions. The last approach mirrors the 

rationale behind the synthesis of dendrimers.49,50 The latter class of macromolecules have 

become a widespread research topic, due to their almost limitless applications, ranging from 

the biomedical field (in which they have been used as drug or gene carrier/delivery systems), 

51,52 to the material chemistry (sensors, light harvesting agents, confined nano-reactors, capping 

agents for stabilization of metal nanoparticles).53     

In the last years attempts have been done in order to join dendritic structures to CDs54 by 

building up dendritic arms on the CD scaffold. Thereby a dendrimer-like structure equipped 
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with a receptor site could be obtained. In particular, polycationic CDs55,56 bearing polyamine 

arms have been prepared by some research groups, basically following a top down strategy. In 

particular, the syntheses have been accomplished either anchoring an alkinyl polyamine to the 

heptakis-(6-deoxy)-(6-azido)-βCD by exploiting the Cu(I)-catalysed azide-alkyne 

cycloaddition reaction,57-59 or reacting an isothiocyanate fuctionalized polyamine with the 

heptakis-(6-deoxy)-(6-cysteamyl)-βCD.55 (Figure 1.4) 

 

 

Figure 1.4 – Syntheses of polyaminocyclodextrins. 

 

The obtained CD derivatives have been widely studied as gene delivery systems (as will be 

discussed afterward), but unlike dendrimers their potential ability to work as capping agent for 

the synthesis and stabilization of metal nanoparticle systems has not been investigated yet, as 

well as the use of such as catalysts systems towards different class of reactions. On the other 

hand, native and modified CDs have been already used for the stabilization of Rh, Ru, Pd and 

FePt nanoparticles.60,61 In particular, heptakis-(6-deoxy)-(6-thiol)-βCD has been undoubtedly 

the most important and used modified cyclodextrin for the stabilization of Au,62 Ag,63 Pt and 

Pd64 nanoparticles.  

 

1.3 - Aim of the work 

In the last few years in the research group in which the present PhD project was managed, a 

new synthetic straightforward protocol to obtain polyaminocyclodextrin (amCDs) derivatives 

has been developed.65 This protocol relies on the direct nucleophilic displacement reaction 

between a suitable polyamine and a heptakis-(6-deoxy)-(6-halo)-βCD derivative. The latter 
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one, in turn, is easily accessible from a native βCD using the Vilsmeier-Haack reaction with 

Br2 or I2 and triphenylphosphine. Noticeably, as shown by NMR and ESI-MS evidences, the 

resulting products are not pure compounds, but rather non-separable mixtures of CD derivatives 

with a different number of polyamine arms, ranging from 3 to 7, and characterized by the 

presence of retained hydrohalic acid as well. This is due to the occurrence of poly-substitution 

reactions by already linked polyamine arms on the CD scaffold, towards other halogen atoms 

present on the nearby glycoside moieties. In any case, a quantitative characterization of the 

mixture by potentiometric titration allowed defining their average composition. Nevertheless, 

the amCD products obtained in this way have been proven to be good candidates for virtually 

any application. In particular, preliminary tests showed that they preserve the typical feature of 

CDs to give inclusion complexes with p-nitroaniline derivatives, and that they can be used for 

the stabilization of silver nanoparticles. The latter ones, in turn, were prepared by chemical 

reduction of the well-known Tollens’ reagent (ammoniacal silver nitrate) with formaldehyde in 

presence of the amCDs.  

As work for my Chemistry Ms. Thesis, I successfully performed a preliminary study on the 

possibility to exploit amCD-capped silver nanocomposites as catalysts for the reduction of 

nitroarenes under mild conditions (NaBH4). My results showed the occurrence of a peculiar 

mixed zero-first-order kinetic course, evidencing the fact that several aspects of the reaction 

mechanism had not yet been satisfactorily addressed in previous literature, and could not be 

considered well understood. Starting from this information background and from the 

aforementioned present state-of-the-art related to polyamine/polycationic CDs, this PhD 

project focused on a surveying investigation of the potential applications of amCDs. In 

particular, the work was articulated as follows. 

As a first step, the synthesis of new members of the already exististing small amCDs library 

was explored, according to the previously developed protocol. The new products were 

subsequently characterized by NMR, ESI-MS and potentiometric titration techniques (Chapter 

2). Then the binding abilities of these products were explored, aiming in particular to verify 

their possible use as bimodal ligands, i.e. able to form supramolecular complexes by exploiting 

both the CD cavity and the polyamine pendant arms. For this purpose, their interaction with 

some p-nitroaniline derivatives and with sodium alginate, as a model polymeric anion, was 

studied (Chapter 3). This study was preparatory to investigate the possible application of 

amCDs as gene delivery systems. In particular, a plasmidic DNA such as pUC19 was used to 

study its interaction with amCDs; then, the obtained amCD-pDNA aggregate was tested in 
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order to perform gene delivery, and in particular bacterial transformation. For the latter purpose, 

a Ca-competent E. coli cell strain was used (Chapter 4).  

As a second step, amCDs were used for the synthesis of new adsorbent materials obtained by 

cross-polymerization with BrCD. This kind of materials can be included in the recently 

emergent class of nanosponges (Chapter 5). The materials obtained were characterized by 

means of FT-IR, DSC, Porosimetry, solid-state NMR and potentiometric titration techniques, 

in order to define their structures. The pH-tunable absorption/sequestering ability of the 

nanosponges was then spectrophotometrically assessed towards three different class of guests, 

namely p-nitroaniline derivatives, dyes and nutraceuticals at different pH values.  

A further important investigated application of amCDs was their ability to stabilize Ag and Pd 

metal nanoparticles, which were used in turn as catalysts for the nitroarene reduction reaction 

and for the Suzuki coupling reaction respectively (Chapter 6). In particular, AgNP systems 

were subjected to careful characterization by means of TEM, DLS and ATR-FTIR techniques, 

in order also to evaluate the modification they may undergo during the catalytic process. 

Moreover, the nitroarene reaction itself was subjected to a systematic mechanistic investigation, 

addressing in particular the effects of the electronic and steric features of the organic substrate, 

as well as the effect of the concentration of the catalysts. Interesting unexpected kinetic effects 

were observed, which were explained on the grounds of a complex mechanistic scheme. 

Regarding the Suzuki reaction, the effect of the amCD structure on the reaction course was 

particularly addressed. Moreover, considering the recognized antibacterial properties as well as 

the photosensitivity of silver salts, attention was paid in investigating the antibacterial 

properties of amCD-capped AgNPs prepared by a “bio-friendly” synthetic protocol, just 

exploiting the photoreduction process of Ag+ (Chapter 7). The Ag+ photoreduction process was 

studied in detail, even from a mechanistic point of view, taking into account the different factors 

which can affect it, namely: i) type of light source and wavelength used; ii) the structure of the 

amCD used as the capping agent; iii) the possible presence of bio-compatible co-reductant 

species such as citrate, ascorbate or glucose; iv) the irradiation source. The antibacterial activity 

of the AgNP composites obtained were then assessed both on Gram-negative (E. coli) and 

Gram-positive (K. rhizophila) bacterial strains, with and without the presence of a typical β-

lactam antibiotic as ampicillin, in order to evaluate a potential synergistic effect, considering 

also that the presence of cyclodextrins on AgNPs surface could provide a receptor site for the 

ampicillin. 

Finally, the last section of this PhD thesis describes the preliminary results obtained during a 

stage period in the Prof. Shahgaldian’s laboratories at the FHNW University, Basel (Chapter 
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8). In particular, CD-capped gold nanoparticles were synthesized and used to perform thermo-

activation of -Galactosidase anchored on a suitable polymeric support, by means of light-to-

heat conversion. Enzyme activity was successfully tested towards a model substrate such as o-

nitrophenyl--galactopyranoside (ONPG); kinetic data obtained spectrophotometrically were 

analysed by means of a classical Michaelis-Menten approach.  
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- 2 - 

SYNTHESIS AND CHARACTERIZATION OF 

POLYAMINOCYCLODEXTRINS 
 

 

 

2.1 - The synthetic protocol 

According to the previously reported synthetic protocol,65 seven amCD derivatives were 

synthesized. Basically, the synthetic protocol provides the previous modification of native βCD 

into the heptakis-(6-bromo)-(6-deossi) βCD (BrβCD)66,67 and the subsequent replacement of 

bromine atoms by a SN2 type reaction with the desired polyamines (see Experimental section). 

The polyamines used as derivatizing agents are in any case linear diamine or polyamine 

molecules, characterized by an increase in number of either the aliphatic carbon atoms or the 

nitrogen atoms present. In particular, 3-(N,N-dimethylamino)-1-propylamine (Am1) for 

amCD1, 3,3’-diamino-N-methyl-dipropylamine (Am2) for amCD2, 1,2-bis(3-amino-propyl-

amino)-ethane (Am3) for amCD3, tetraethylenepentamine (Am4) for amCD4, pentaethylene-

hexamine (Am5) for amCD5, 1,6 diaminohexane (Am6) for amCD6 and 1,8 diaminooctane 

(Am7) for amCD7 were used. (Figure 2.1) 

  

Figure 2.1 – Synthesis and structures of amCDs. 
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It is worth stressing here that the aminolysis reaction is carried out using a 20-fold excess of 

polyamine equivalents with respect to the BrβCD (which correspond to a 140:1 molar ratio), 

which functions as reaction solvent as well. Such a large amount of polyamine is used in order 

to ensure the exhaustive substitution of all bromine atoms and statistically maximize the mono-

substitution of each polyamine unit towards a single bromine atom, thereby obtaining amCDs 

bearing seven polyamine arms each. Indeed, the excess amine can be recovered during the 

work-up of the reaction crude. 

In each case it was not possible obtain only the heptakis-substituted product characterized by a 

C7 symmetry, due to the occurrence of poly-substitution phenomena. In fact, a single molecule 

of polyamine is able to replace more than one bromine atoms present on the same CD scaffold 

leads to the formation of bridge between the glucose moieties of the CD (Scheme 2.1). 

 

 

Scheme 2.1 

 

In such a way, although all bromine atoms are actually displaced, not only the heptakis-

substituted products were obtained, but rather a not separable mixture of products, characterized 

by a different number of polyamine arms on the CD scaffold. This event was also confirmed 

by NMR and ESI-MS analysis.  

 

2.2 – Characterization of the amCDs 

2.2.1 – NMR and ESI-MS characterization 

The 1H-NMR spectra of amCDs generally present a relatively poor definition of the signal 

multiplicity and a bad quality of the baseline, probably owing to the concomitant of relatively 

slow self-inclusion of the polyamine pendant groups; overall resulting in a substantial 

impossibility to perform a reliable signal integration (Figure 2.2 reports the spectrum of amCD2 
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as a representative example). Nevertheless, some signals are still easily recognizable. In 

particular, the signal relevant to the anomeric H atoms at ca. 4.9 ppm can be immediately 

identified. Moreover, in almost all the spectra (except for amCD4 and amCD5) was also 

possible to distinguish a broad signal centred at ca. 1.6 ppm, corresponding to the methylene H 

atoms at the 2-position with respect to the N atoms of the polyamine chains.  

 

 

Figure 2.2 – 1H-NMR spectrum (DMSO) of amCD2. 

 

The ESI-MS technique is more suitable to analyse product mixtures, owing to the nearly 

complete absence of fragmentation processes. The resulted ESI-MS spectra show in each case 

a complex pattern of signals, which can be subdivided in different family peaks according to 

the ions charge. It is worth noting that spectra usually show from bi- up to hexa-positive ions, 

whereas mono-positive ions are not detected. Each zone brings in principle the same 

information, namely the relative amount of each species, characterized by a certain degree of 

substitution, according to the m/z value of the family peaks (Figure 2.3 shows the ESI-MS 

spectrum of amCD2, as a typical example). It is not possible to have a quantitative estimation 

of the mixture composition but rather know the different species that compose it. Generally, in 

each mixture it was observed the presence of product bearing from 3 to 7 polyamine arms, with 

a substitution degree as closer to the maximum value as the number of nitrogen atoms on 

polyamine chains decrease. Indeed, at this regard, the ESI-MS spectra of amCD4 and amCD5 

have shown only the presence of species bearing 2 or 3 polyamine pendants. This peculiar result 

in comparison for instance with the case of amCD3 (which presents four N atoms on the 

polyamine chain), might be related also to the presence of the ethyl linkers between nitrogen 

atoms. Indeed, the length of this spacer could match with the distance between the glucose C6 
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position, thereby favouring the poly-substitution phenomena. Then, for this reason, it was ruled 

out to explore the possible applications of these two derivatives.  Moreover, by ESI-MS it was 

also sees as to the different species in the mixture a certain number of hydrogen bromide (HBr) 

molecules, are associated. The latter finding indicates that the reaction products obtained have 

been actually isolated as partial hydrobromides. 

 

 

Figure 2.3 – ESI-MS spectrum of amCD2. 

 

2.2.2 – Potentiometric tritation 

In order to have a quantitative characterization of the amCD1-3 and amCD6-7 products, their 

potentiometric titration was carried out. In particular, a solution obtained dissolving the amCD 

product in the presence of an excess of a strong acid (HCl), was titrated with a standard strong 

base (NaOH). All the titration curves obtained (a representative example is depicted in Figure 

2.4) present a first equivalence point, corresponding to the titration of the excess strong acid, 

followed by a large smooth region originated by the overlapping of the multiple equivalence 

points relevant to the different CD species in the reaction product. 

The experimental titration curves were then subjected to a non-linear regression analysis using 

a fitting equation obtained considering the analysed systems as a mixture of a certain number 

of fictitious independent monoprotic weak virtual bases Bi. On performing this kind of analysis, 

it was found that in the case of amCD1-3 the experimental curves are satisfactorily described 

using a four bases fitting model, whereas for amCD6 and amCD7 a three weak bases model 

was considered. (Eq. 2.1) 

              
][][

][

][~][][

1



































OHHc

KH

H
nNHOH

V

nn

V

v

NaOH

n

i HB

i
o

HIHCl

o

i i



                (2.1) 



23 

 

 

Figure 2.4 – Typical titration curve for amCDs. 

 

where V0 is the initial volume, vi is the volume of titrant base added, nHCl and nHBr are 

respectively the moles of HCl and HBr in the sample, N is the number of nitrogen atoms per 

polyamine unit (i.e. N = 2 for Am1, Am6 and Am7; N=3 for Am2; N=4 for Am3), cNaOH is the 

concentration of the titrant. Then from the regression data it was possible to calculate the 

average number of polyamine linkers (ñ) and retained HBr molecules (x) per βCD unit, together 

with the apparent mole fractions (χBi) and pKBiH
+, values of the virtual weak bases. These data, 

were finally used to calculate the corresponding average molecular weight MW, as well as the 

average equivalent weight EW for each amCD (results are summarized in Table 2.1).  

 

Table 2.1 – Analitical data for amCDs 

 amCD1 

 

amCD2 

 

amCD3 
 

amCD6 

 

amCD7 

ñ     

x     

n(N)     

MW     

EW     

B1 χB1     

pKB1H+     

B2 χB2    0.32 ± 0.01 0.32 ± 0.01 

pKB2H+    6.8 ± 0.1 6.5 ± 0.1 

B3 χB3    0.32 ± 0.01 0.34 ± 0.02 

pKB3H+    8.2 ± 0.1 8.0 ± 0.1 

B4 χB4    0.36 ± 0.02 0.34 ± 0.02 

pKB4H+    10.2 ± 0.1 10.2 ± 0.1 
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From data reported in Table 2.1 it is possible to notice that the average degree of substitution 

roughly decreases on increasing the structural complexity of the polyamine, while the number 

of retained HBr molecules per CD does not show an apparent rationale, mainly because the 

amount of HBr actually retained depends also on the number of precipitation/purification steps 

the product is subjected to (see in the Experimental section). Finally, it is worth noting that in 

the case of amCD7 a ñ value higher to 7 was found. This can be explained considering that the 

hydrophobic CD cavities is able to give a stable inclusion complex with the 1,8 diaminooctane, 

indeed also after Soxhlet extraction with Et2O it was not possible to remove this diamine excess.   

 

2.3 - Experimental section 

Materials and instrumentation 

All commercial materials needed were used as purchased (Aldrich, Fluka) with no further 

purifications. The non-commercial heptakis-(6-deoxy)-(6-boromo)-CD (BrCD) was 

prepared according to literature.66 The 1H and 13C NMR spectra (DMSO-d6) of amCDs were 

recorded on a Bruker AS 300 MHz instrument; high-resolution ESI-MS mass spectra were 

acquired in positive mode on an AGILENT Technologies 6540 UHD Accurate Mass Q-TOF 

LC-MS apparatus (1 kV nozzle voltage, 250 V fragmentor voltage).  

Synthesis of polyaminocyclodextrins amCD1-amCD7 

The AmCDs were prepared according to the procedure illustrated elsewhere.65 In general, 

BrCD (315 mg, 0.2 mmoles) was mixed with a 20-fold excess (28 mmoles) of the proper 

polyamine, namely 3.5 mL (2.86 g) of Am1, 4.75 mL (4.08 g) of Am2, 5.15 mL (4.90 g) of 

Am3, 3.25 g of Am6, 4.04 g of Am7,. The mixture was kept in an oil bath at 60 °C under inert 

atmosphere and stirring for 48 h. Then, 20 mL of methanol were added to the reaction crude, 

and the resulting solution was added dropwise under vigorous stirring to 250 mL of cold diethyl 

ether. The system was allowed to settle for a few hours and then decanted, giving a brownish 

slurry, which was dissolved in 10 mL of methanol and again dropped under stirring into 200 

mL of diethyl ether, to afford a second amorphous solid. This dissolution-precipitation 

procedure was repeated other two or more times, until a pale yellow solid was obtained. The 

product was finally filtered off and dried under vacuum overnight at 50 °C. 

Poly-(6-deoxy)-[6-(3-dimethylamino-1-propylamine)]-CD amCD1. Yield 94% (365 mg). 

1H NMR (DMSO-d6):  1.56 (br s, -CH2-CH2-CH2-); 2.51, 2.60 (two overlapp br s, >N-CH2-); 

2.71 (br m, NH2-CH2- and H(6)CD); 3.31 (br s, H(2)CD); 3.40 (br s, H(4)CD); 3.60, 3.66 (two 

overlap. br m, H(3)CD and H(5)CD); 4.80 (br s, -OH, -NH-); 4.94 (br s, H(1)CD). 13C NMR: 



25 

 

 31.21 (-CH2-CH2-CH2-); 38.68 (NH2-CH2-); 47.41 (>N-CH2-); 49.12-49.86 (cluster, C(6) 

CD); 70.73 (C(5)CD); 72.71 (C(2)CD); 73.27 (C(3)CD); 83.25-83.90 (cluster, C(4)CD); 

102.28-102.97 (cluster C(1)CD). High resolution ESI-MS (m/z): 1724.1122 [C77H154N14O28 

·H]+ (calcd. 1724.1130); 902.5244 [C77H154N14O28·HBr·2H]2+ (calcd. 902.5232); 873.5506 

[C77H154N14O28·Na·H]2+ (calcd. 873.5510); 862.5601 [C77H154N14O28·2H]2+ (calcd. 862.5601); 

811.5021 [C72H140N12O28·2H]2+ (calcd. 811.5023); 760.4445 [C67H126N10O28·2H]2+ (calcd. 

760.4444); 582.7027 [C77H154N14O28·Na·2H]3+ (calcd. 582.7031); 575.3761 [C77H154N14O28 

·3H]3+ (calcd. 575.3758). 

Poly-(6-deoxy)-{6-[(N-methyl-N-(3-aminopropyl)-3-amino)-1-propylamine)]-CD 

amCD2: yield 422 mg (93 %); 1H NMR (DMSO-d6)  (ppm): 1.53, 1.63 (two overlap. br m, -

CH2-CH2-CH2-); 2.10 (s, >N-CH3); 2.29, 2.32 (two overlap. br m, >N-CH2-); 2.50, 2.53 (two 

overlap. br m, -NH-CH2- and H(6)CD); 2.78 (br s, NH2-CH2-); 3.32 (br d, H(2)CD); 3.43 (br s, 

H(4)CD); 3.61 (br t, H(3)CD); 3.67 (br s, H(5)CD); 4.85 (br s, H(1)CD); 5.12 (br s, -OH, -NH). 

13C NMR : 27.31 (-CH2-CH2-CH2-); 38.47 (NH2-CH2-); 41.83 (>N-CH3); 48.22 (>N-CH2-); 

48.70-49.70 (cluster, C(6)CD); 54.90, 55.76 (>N-CH2-); 70.89 (C(5)CD); 72.73 (C(2)CD); 

73.18 (C(3)CD); 82.64-83.49 (cluster, C(4)CD); 102.25-102.87 (cluster, C(1)CD). High-

resolution ESI-MS (m/z): 1053.1682 [C91H189N21O28·HBr·2H]2+ (calcd. 1053.1709); 1024.1977 

[C91H189 N21O28·Na·H]2+ (calcd. 1024.1988); 1013.2068 [C91H189N21O28 ·2H]2+ (calcd. 

1013.2078); 980.5897 [C84H170N18O28·HBr·2H]2+ (calcd. 980.5920); 951.6198 

[C84H170N18O28·Na·H]2+ (calcd. 951.6198); 940.6287 [C84H170N18O28·2H]2+ (calcd. 940.6289); 

877.0572 [C77H151N15O28·H2O·2H]2+ (calcd. 877.0550); 868.0492 [C77H151N15O28·2H]2+ 

(calcd. 868.0495); 683.1345 [C91H189N21O28 ·Na·2H]3+ (calcd. 608.0790); 675.8076 

[C91H189N21O28·3H]3+ (calcd. 675.8076); 627.4218 [C84H170N18O28·3H]3+ (calcd. 627.4217); 

579.0361 [C77H151N15O28·3H]3+ (calcd. 579.0357) 507.1080 [C91H189N21O28·4H]4+ (calcd. 

507.1076); 470.8186 [C91H189N21O28·4H]4+ (calcd. 470.8181). 

Poly-(6-deoxy)-{6-[3-(2-(3-aminopropylamino)ethylamino)-propylamino]}-CD amCD3: 

yield 410 mg (92 %); 1H NMR (DMSO-d6) (ppm): 1.59, 1.63 (two overlap. m, -CH2-CH2-

CH2-), 2.43, 2.55 (two overlap. m, -CH2-N<), 2.60, 2.63 (two overlap. br m, -CH2-NH- and 

H(6)CD), 2.82 (m, -CH2-NH2 and H(6)CD), 3.35 (br s, H(2)CD); 3.50 (br s, H(4)CD), 3.66 (br 

s, H(3)CD), 3.76 (br s, H(5)CD), 4.91 (br s, H(1)CD), 4.95 (br s, -OH, -NH-); 13C NMR  (ppm) 

27.39, 28.32 (-CH2-CH2-CH2-), 38.48 (-CH2-NH2), 46.61, 47.36, 48.94 (-CH2-N<), 48.70-

49.60 (cluster, C(6)CD), 70.36 (C(5)CD), 72.32 (C(2)CD), 72.80 (C(3)CD), 82.20-85.70 

(cluster, C(4)CD), 102.45 (C(1)CD); high-resolution ESI-MS (m/z): 1114.8004 [C98H210N28O28 

·2H]2+ (calcd. 1114.8007); 1038.6996 [C90H188N24O28·Na·H]2+ (calcd. 1038.6995); 1027.7085 
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[C90H188N24O28·2H]2+ (calcd. 1027.7085); 951.6077 [C82H166N20O28·Na·H]2+ (calcd. 

951.6073); 940.6166 [C82H166 N20O28·2H]2+ (calcd. 940.6163); 853.5242 [C74H144N16O28·2H]2+ 

(calcd. 853.5241); 743.5368 [C98H210N28O28·3H]3+ (calcd. 743.5363); 685.4752 

[C90H188N24O28·3H]3+ (calcd. 685.4748); 634.4719 [C82H166N20O28·Na·2H]3+ (calcd. 

634.4706); 627.4139 [C82H166N20O28·3H]3+ (calcd. 627.4133): 569.3524 [C74H144N16O28 ·3H]3+ 

(calcd. 569.3518); 557.9045 [C98H210N28O28·4H]4+ (calcd. 557.9040); 514.3585 

[C90H188N24O28·4H]4+ (calcd. 514.3579). 

Poly-(6-deoxy)-[6-(6-amino-1-hexylamine)]-CD amCD6: yield 377 mg (94 %). 1H NMR 

(DMSO-d6)  (ppm): 1.27, 1.39, 1.52 (3 overlap. br m, -CH2-CH2-CH2-); 2.46, 2.55 (two 

overlap. br m, >N-CH2-); 2.78-3.06 (two overlap. br m, -NH-CH2- and H(6)CD); 3.31 (br d, 

H(2)CD); 3.42 (br s, H(4)CD); 3.61 (br t, H(3)CD); 3.66 (br s, H(5)CD); 4.83 (br s, H(1)CD; 

overlapped with br s, -OH, -NH-). 13C NMR : 25.82, 26.39, 26.88, 27.54, 28.10, 29.82 (-CH2-

CH2-CH2-); 49.18, 49.59, 49.92 (-NH-CH2- and  C(6)CD); 71.04 (C(5)CD); 72.86 (C(2)CD); 

73.26 (C(3)CD); 83.41 (cluster, C(4)CD); 102.52 (C(1)CD). High-resolution ESI-MS (m/z): 

1822.2168 [C84H168N14O28·H]+ (calcd. 1822.2225); 1706.0933 [C78H152N12O28·H]+ (calcd. 

1706.0912); 1589.9717 C72H136N10O28 ·H+ (calcd. 1589.9598); 922.6055 [C84H168N14O28 

·Na·H]2+ (calcd. 922.6059); 911.6113 [C84H168N14O28·2H]2+ (calcd. 911.6149); 893.5123 

[C78H152N12O28·HBr·2H]2+ (calcd. 864.5402); 864.5435 [C78H152N12O28·Na·H]2+ (calcd. 

864.5402); 853.5489 [C78H152 N12O28·2H]2+ (calcd. 853.5492); 795.4899 [C72H136N10O28·2H]2+ 

(calcd. 795.4836); 608.0762 [C84H168N14O28·3H]3+ (calcd. 608.0790); 569.3711 [C78H152 

N12O28·3H]3+ (calcd. 569.3686). 

Poly-(6-deoxy)-[6-(8-amino-1-octylamine)]-CD amCD7: yield 451 mg (92 %); 1H NMR 

(DMSO-d6)  (ppm): 1.23-1.47 (3 overlapped br m, -CH2-CH2-CH2-); 2.46, 2.55 (two 

overlapped br m, -NH-CH2- and H(6)CD); 2.79 (br m, NH2-CH2-); 3.28 (br d, H(2)CD); 3.35 

(br s, H(4)CD); 3.60 (br t, H(3)CD); 3.67 (br s, H(5)CD); 4.81 (s, H(1)CD; overlapped with a 

br s, -OH and -NH-). 13C NMR : 26.34, 26.71, 27.35, 28.95, 29.26, 30.15 (-CH2-CH2-CH2-); 

49.67, 50.05, 50.24 (-NH-CH2- and C(6)CD); 70.99 (C(5)CD); 72.92 (C(2)CD); 73.7 

(C(3)CD); 83.50 (cluster, C(4)CD); 102.48 (C(1)CD). High-resolution ESI-MS (m/z): 

1031.7043 [C98H196N14O28·2Na]2+ (calcd. 1031.7064); 1020.7143 [C98H152 N12O28·Na·H]2+ 

(calcd. 1020.7154); 1009.7245 [C98H152N12O28 ·2H]2+ (calcd. 1009.7245); 948.6373 [C90H176 

N12O28·Na·H]2+ (calcd. 948.6341); 946.6534 [C90H176N12O28·H2O·H]2+ (calcd. 946.6484); 

937.6464 [C90H176 N12O28·2H]2+ (calcd. 947.6431); 673.4854 [C98H196N14O28·3H]3+ (calcd. 

673.4854); 625.4333 [C90H176N12O28·3H]3+ (calcd. 625.4302). 
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Titrations of amCDs 

 A carefully weighed amount (ca. 50 mg) of substance was placed in a jacketed vessel 

thermostated at 25 °C, and dissolved with 10 mL of double-distilled water; then, 5mL of a 

standard HCl 0.1 M were added, and the resulting solution was degassed by bubbling a fine 

stream of Ar for 15 min. The solution was titrated with a standard NaOH 1 M solution dispensed 

by means of a Chemetron microsyringe, recording the pH value after each addition of the titrant. 
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- 3 - 

BINDING PROPERTIES OF POLYAMINO-

CYCLODEXTRINS TOWARDS ANIONS 
 

 

 

3.1 – The binding abilities of polycations 

It is well known that polyamine macromolecular materials in general have attracted a 

widespread interest for their potential applications in different fields. For instance, both linear 

and branched polyethyleneimine (PEI) polymers,68-73 as well as polypropyleneimine (PPI)74-76 

and polyamidoamine (PAMAM)75-84 dendrimers, have been considered as proton 

sponges,68,69,74,77,78,82-84 capping agents for the synthesis of noble metal nanoparticles,70,71,75,76,79-

81,85-87 and systems for the complexation and cell transfection of DNA and siRNA.82-84,88 We 

already mentioned that complexation and transfection of polynucleotides have also been 

successfully accomplished by means of polycationic cyclodextrin derivatives,56,89-92 obtained 

by anchoring suitable polyammonium or imidazolium pendant groups onto the main 

cyclodextrin scaffold. Therefore, because of the well-known ability of these macrocycles to 

form inclusion complexes (“cavitates”) with suitably sized and shaped organic guest 

molecules,4,14,15,93-96 in principle these systems could be exploited for the simultaneous 

internalization of a polynucleotide (interacting with the polycationic branches) and a further 

bioactive/drug molecule (included into the host cavity). A main drawback of this approach, of 

course, is the fact that the syntheses of the tailored cyclodextrin ligands reported so far, as pure 

chemical individuals, are lengthy and expensive, affording low overall yields. Thus, a cheaper 

alternative is desirable. Therefore, the amCDs described in the previous chapter appear ideal 

candidates. 

Of course, the abilities of our materials as bimodal supramolecular ligands needed a suitable 

investigation. As a matter of fact, the interaction of the polycationic cyclodextrins56,89-92 with 

polynucleotides has been mainly considered by targeting their abilities in inducing gene 

expression. However, a detailed examination of the relevant stoichiometric or thermodynamic 

aspects is lacking. So, it could be particularly interesting to verify how the presence of the 
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polyamine pendant bush located at the primary rim affect the binding abilities of the main 

cyclodextrin scaffold, on varying its protonation status. Then is the quantitative aspects of a 

possible interaction with polyanions. Therefore, the interaction of our amCDs at different pH 

values with a set of selected neutral and anionic model p-nitroaniline derivatives 1-4 (Figure 

3.1) was subjected to polarimetric investigation. p-Nitroanilines have been proven to constitute 

an excellent class of probe molecules to test the microscopic behavior of cyclodextrins in 

general.35,37,40,97-99 The polarimetric technique35,100,101 was chosen because of its versatility and 

informativeness. In fact, it can be profitably exploited with any class of guests, irrespective of 

their peculiar physicochemical features. Moreover, polarimetry allows collecting and 

correlating both structural and thermodynamic information. In a subsequent step of this study 

potential ability of amCDs to interact with polyanions in general was tested by studying their 

behavior towards a model polyanion such as alginate (Alg, Figure 3.1) as sodium salt chosen 

for its stability and easy availability; it is a block copolimer constituted by -D-mannuronate 

and -L-guluronate monomers, linked by -1,4 glycosidic bridges.   

 

Figure 3.1 – Structures of: p-nitroanilines 1-4 and Sodium Alginate Alg. 

 

3.2 - Results and discussion 

3.2.1 - Polarimetric behavior of amCDs 

Owing to the presence of the polyamine pendants linked to the amCD scaffold, a preliminary 

study of the polarimetric behavior of free amCD1-amCD3 materials was a necessary 

requirement, before addressing their complexation abilities by means of the polarimetric 

method. Thus, the relevant molar optical activities  were measured at different pH values. 

Results are summarized in Table 3.1 depicted in Fig. 3.2. For the sake of clarity, it is worth 

stressing here that  values were determined in the absence of any buffering or supporting 

electrolyte, by simply adjusting the pH with small additions of conc. HCl or NaOH. As we can 

easily notice, on varying the pH value of the solvent medium, and consequently the charge 

status of the amCDs, relevant  values show a peculiar M-shaped trend (Figure 3.2a). Starting 

from ca. pH 12, at which the systems are almost uncharged,  values initially increase, then 
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decrease, then rise again up to a maximum value, and finally undergo a regular decrease till pH 

5 and beyond. This behavior appears much sharper for amCD1 than for the other two materials. 

Noticeably, amCD1 shows its minimum and its second maximum located at significantly lower 

pH values than amCD2, which in turn shows its corresponding values at slightly lower pH than 

amCD3. It is worth noting that, if we report  values vs. the protonation fraction H+ of the 

Table 3.1 – Molar optical rotations of materials amCD1-amCD3 as a function of the pH. 

amCD1 amCD2 amCD3

pH <nH+>a  (deg 

dm-1 M-1)b 

pH <nH+>a  (deg 

dm-1 M-1)b 

pH <nH+>a  (deg 

dm-1 M-1)b 

12.2 0.0 173.2 12.2 0.1 164.8 12.0 0.1 165.5 

11.6 0.1 175.2 11.5 0.3 165.7 11.2 0.7 168.1 

11.5 0.1 175.4 10.9 1.2 165.6 10.8 1.3 168.5 

11.1 0.2 175.9 10.3 2.5 165.3 10.6 1.8 168.2 

10.4 1.0 175.7 10.1 3.2 165.0 10.3 2.6 168.1 

10.1 1.3 174.8 10.0 3.5 165.3 10.0 3.5 169.3 

9.5 2.3 172.2 9.7 4.2 165.8 9.7 4.4 170.8 

9.4 2.5 171.6 9.4 4.9 166.5 9.0 6.4 169.2 

9.1 3.2 166.5 9.0 6.0 166.7 8.6 7.8 168.5 

8.8 3.9 165.2 8.7 6.7 166.7 8.5 8.1 168.2 

8.6 4.5 172.0 8.2 8.0 165.7 8.3 8.7 167.9 

8.4 4.8 175.3 7.9 8.7 164.7 8.0 9.5 166.8 

8.2 5.2 176.2 7.4 10.2 162.7 7.3 11.1 163.5 

8.1 5.3 176.5 7.0 11.4 160.9 7.0 11.7 162.8 

8.0 5.5 176.7 6.6 12.5 159.1 6.8 12.3 162.0 

7.7 5.9 177.3 6.4 13.1 158.6 6.7 12.6 161.8 

7.3 6.5 177.8 6.2 13.7 157.9 6.5 13.0 160.6 

6.5 8.1 173.2 5.9 14.9 156.5 6.1 14.1 160.2 

6.3 8.7 172.1 5.7 15.4 155.6 5.7 14.9 159.6 

5.9 9.5 170.8 5.3 16.5 154.8 5.4 15.7 159.2 

5.4 10.5 166.4 4.7 17.6 153.0 5.1 16.5 157.9 

5.2 10.8 164.8       

5.1 10.9 164.1       

3.8 11.4 157.8       
a: Calculated according to analytical data reported on table 2.1, pag 21. b: All data are given with a  0.5% 

indetermination. 

 

a)   b)  

Figure 3.2 – Polarimetric data for amCDs. 
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materials (Fig. 3.2b), the absolute maxima of the three curves occur for H+ values as large as 

ca. 0.5, 0.33 and 0.25 for amCD1, amCD2 and amCD3 respectively. 

Keeping into account the number of basic nitrogen atoms of the relevant polyamine branches, 

i.e. 2 for A1, 3 for A2 and 4 for A3, it is immediately apparent that these maxima correspond 

to the situation in which one H+ on average has been attached to each polyamine unit. The latter 

observation is very intriguing, because it was found that in the case of mono-[6-(3-

dimethylamino)-propylamino]-(6-deoxy)-CD the first protonation step occurs on the farthest 

N atom with respect to the CD cavity.98 Thus, it is reasonable to expect that the same occurs 

also with the polyamine branches of our materials, in such a way to minimize Coulomb 

repulsion between cationic groups. It has been widely shown that the polarimetric response of 

CD derivatives depends at the same time on their intrinsic chirality and on their conformational 

dynamism. Variations in  values upon protonation should reflect either conformational or 

electron distribution changes. However, we may rule out a significant contribution from the 

latter effect, because in the case of the mono-(6-amino)-(6-deoxy)--cyclodextrin it has been 

found that the free base and the conjugated acid forms present more or less the same  value.102 

Consequently, everything considered, data indicate that our amCDs experience their most 

extensive conformational rearrangements as the first protonation step of each polyamine branch 

occurs. This suggests the occurrence of strong intra-chain interactions, and possibly self-

inclusion into the CD cavity, before protonation.  

 

3.2.2 - Binding equilibria of p-nitroaniline derivatives 1-4 

Polarimetric data relevant to the inclusion of guests 1-4 into materials amCD1-3 are collected 

in Tables 3.2 a-c respectively. In particular, the values of the binding constants (K) and both the 

absolute () and normalized (R) differential molar optical rotations are reported, as a 

function of the pH value and the possible presence of a buffer as supporting electrolyte. For the 

sake of clarity,  is the difference between the molar optical rotations of the complex and the 

host respectively, whereas R is defined as 100·/ (where  is the molar optical rotation of 

the free host under the given conditions). It is worth stressing that  values for the different 

systems studied cannot be directly compared, owing to the intrinsic differences in the absolute 

molar optical rotations of the different hosts, and for the same host at different pH values.  

Therefore, homogeneous comparisons can be rather carried out only on the relative variations 

as accounted for by the normalized parameter R.102 It is also worth recalling that  and R 

values for p-nitroanilines can be correlated with the time averaged tilt angle between the guest 
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chromophore and the ideal axis of the host cavity. Thus, they can serve as a good probe of the 

overall conformational rigidity of the complex.35,100,101,103-106 

 

Table 3.2a – Polarimetric data for the inclusion of guests 1-4 with amCD1. 

guest buffera pH <nH+>b K (M-1) 


(deg dm-1 M-1)c


(deg dm-1 M-1)
R 

1d - 5.1 10.9 280 ± 40 164.1 46.4 ± 2.6 28.3 ± 1.6 

 - 6.3 8.7 340 ± 70 172.1 47.3 ± 3.3 27.5 ± 1.9 

 - 8.0 5.5 1000 ± 100 176.7 37.6 ± 0.9 21.3 ± 0.5 

 - 9.5 2.3 1070 ± 130 172.2 35.3 ± 3.5 20.5 ± 2.0 

 - 11.6 0.1 1220 ± 140 175.2 36.6 ± 0.7 20.9 ± 0.4 

 P1 6.5 8.1 (<50) 172.9 n.d. n.d. 

 B 8.4 4.8 400 ± 20 173.4 52.2 ± 1.2 30.1 ± 0.7 

 Am 9.2 2.9 580 ± 50 171.5 45.1 ± 1.0 26.3 ± 0.6 

 P2 11.3 0.2 1200 ± 140 168.0 38.8 ± 1.0 23.1 ± 0.6 

2d - 5.4 10.5 1490 ± 160 166.4 50.6 ± 1.2 30.4 ± 0.7 

 - 6.5 8.1 1180 ± 250 173.2 54.5 ± 2.0 31.5 ± 1.2 

 - 8.1 5.3 1020 ± 190 176.5 57.2 ± 1.6 32.4 ± 0.9 

 - 9.5 2.3 960 ± 130 172.2 44.3 ± 1.0 25.7 ± 0.6 

 - 11.5 0.1 490 ± 50 175.4 43.9 ± 1.0 25.0 ± 0.6 

3 - 5.1 10.9 (<50) 164.1 n.d. n.d. 

 - 7.7 5.9 520 ± 80 177.3 88.6 ± 4.2 50.0 ± 2.4 

 - 8.4 4.8 780 ± 160 175.3 64.4 ± 3.1 37.2 ± 1.8 

 - 10.1 1.3 1030 ± 30 174.8 47.2 ± 0.3 27.0 ± 0.2 

 - 11.5 0.1 1220 ± 140 175.4 36.6 ± 0.7 20.9 ± 0.4 

4 - 6.3 8.7 (> 104) 172.1 n.d. n.d. 

 - 8.4 4.8 1300 ± 480 175.3 23.9 ± 1.4 13.8 ± 0.8 

 - 9.1 3.2 520 ± 70 166.5 22.8 ± 0.5 13.7 ± 0.3 

 - 11.1 0.2 67 ± 15 175.9 29.9 ± 2.6 17.0 ± 1.5 

 P1 5.9 9.5 (> 104) 165.0 (51) (31) 

 B 8.4 4.8 350 ± 30 166.9 21.7 ± 0.4 13.0 ± 0.2 

 Am 9.2 2.9 300 ± 40 164.2 22.0 ± 0.6 13.4 ± 0.4 

 P2 11.3 0.2 190 ± 20 165.1 24.1 ± 0.6 14.6 ± 0.4 

 

Table 3.2b – Polarimetric data for the inclusion of guests 2 and 4 with amCD2. 

guest buffera pH <nH+>b K (M-1) 


(deg dm-1 M-1)c


(deg dm-1 M-1)
R 

2 - 5.7 15.4 1070 ± 100 155.6 51.0 ± 0.9 32.7 ± 0.6 

 - 7.0 11.4 860 ± 40 160.9 54.9 ± 0.6 34.1 ± 0.4 

 - 8.7 6.7 790 ± 70 166.7 49.0 ± 1.0 29.4 ± 0.6 

 - 10.1 3.2 520 ± 40 165.0 50.8 ± 1.0 30.8 ± 0.6 

 Ac 4.7 17.6 430 ± 20 150.0 44.1 ± 0.7 29.4 ± 0.5 

 Ac 5.7 15.4 730 ± 100 165.8 45.4 ± 1.4 27.5 ± 0.8 

 P1 6.3 13.4 530 ± 70 165.3 50.9 ± 1.4 30.8 ± 0.8 

 B 8.6 7.0 490 ± 60 170.1 53.4 ± 1.7 31.4 ± 1.0 

 P2 10.8 1.3 540 ± 30 171.2 53.4 ± 0.6 31.2 ± 0.4 

4 - 5.7 15.4 (> 104) 155.6 n.d. n.d. 

 - 6.6 12.5 4300 ± 600 159.1 32.1 ± 0.6 20.2 ± 0.4 

 - 7.9 8.7 1350 ± 140 164.7 26.0 ± 0.3 15.8 ± 0.2 

 - 8.7 6.7 1310 ± 90 166.7 25.5 ± 0.5 15.3 ± 0.3 

 - 10.0 3.5 610 ± 90 165.3 32.2 ± 1.3 19.5 ± 0.8 

 Ac 5.6 15.8 (> 104) 168.2 (37) (22) 

 P1 6.2 13.7 4800 ± 500 171.4 32.9 ± 1.9 19.2 ± 1.1 

 B 8.5 7.2 320 ± 20 174.1 25.6 ± 0.5 14.7 ± 0.3 

 P2 10.9 1.2 200 ± 30 173.7 37.0 ± 1.0 21.3 ± 1.0 
a Buffers used (I = 0.1 M) are specified as follows: Ac, CH3COOH/CH3COONa; Am, NH4Cl/NH3; B, B(OH)3/ 

NaB(OH)4; P1, NaH2PO4/Na2HPO4; P2, Na2HPO4/Na3PO4; “-” indicates no buffer. b Calculated according to 

analytical data from ref. 65. c Data given within a  0.5 deg dm-1 M-1 indetermination. 
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Table 3.2c – Polarimetric data for the inclusion of guests 2 and 4 with amCD3. 

guest buffera pH <nH+>b K (M-1) 


(deg dm-1 M-1)c


(deg dm-1 M-1)
R 

2 - 5.4 15.7 980 ± 30 159.2 52.0 ± 0.3 32.7 ± 0.2 

 - 6.8 12.3 1110 ± 60 162.0 56.2 ± 0.7 34.6 ± 0.4 

 - 8.5 8.1 1500 ± 200 168.2 48.4 ± 1.1 28.8 ± 0.7 

 - 10.6 1.8 290 ± 30 168.2 57.9 ± 2.3 34.4 ± 1.4 

 P1 5.1 16.5 450 ± 30 160.5 43.5 ± 0.7 27.1 ± 0.4 

 P1 6.7 12.6 1580 ± 170 172.6 49.2 ± 1.0 28.5 ± 0.6 

 B 8.3 8.7 750 ± 90 177.8 47.3 ± 1.3 26.6 ± 0.7 

 P2 10.3 2.6 450 ± 30 172.4 48.1 ± 1.7 27.9 ± 0.4 

4 - 6.1 14.1 (> 104) 160.2 (40) (25) 

 - 7.0 11.7 2700 ± 200 162.8 35.6 ± 0.4 21.9 ± 0.3 

 - 8.6 7.8 1170 ± 40 168.5 28.2 ± 0.1 16.7 ± 0.1 

 - 10.6 1.8 360 ± 30 168.2 31.4 ± 0.7 18.7 ± 0.4 

 P1 5.7 14.9 6000 ± 2000 166.1 31.4 ± 1.6 18.9 ± 1.0 

 P1 6.7 12.6 2000 ± 200 172.6 23.5 ± 1.7 13.6 ± 1.0 

 B 8.3 8.7 640 ± 50 177.8 23.8 ± 0.4 13.4 ± 0.2 

 P2 10.8 1.3 73 ± 7 172.3 35.5 ± 1.0 20.6 ± 0.6 
a Buffers used (I = 0.1 M) are specified as follows: Ac, CH3COOH/CH3COONa; Am, NH4Cl/NH3; B, B(OH)3/ 

NaB(OH)4; P1, NaH2PO4/Na2HPO4; P2, Na2HPO4/Na3PO4; “-” indicates no buffer. b Calculated according to 

analytical data from ref. 65. c Data given within a  0.5 deg dm-1 M-1 indetermination. 

 

The behavior of amCD1 was examined first. It can be immediately noticed that pH variations 

have large effects on its binding abilities. The neutral guest 1 always forms 1:1 complexes only, 

as accounted for by the fact that polarimetric data can be perfectly subjected to regression 

analysis by means of the proper equation100,101 derived analytically (see Experimental section). 

The relevant K values regularly decrease on increasing the average charge on the host, in 

agreement with the behavior already reported in literature for the mono-(6amino)-(6-deoxy)--

cyclodextrin.102 A buffering electrolyte apparently exerts an unfavorable effect on the inclusion 

equilibrium. For the anionic guests 2-4, the situation is more complicated (some trends of the 

observed optical rotations for the inclusion of 4 are shown in Figure 3.4 as exemplificative 

examples).  

 

Figure 3.4 – Trends of polarimetric data for the inclusion of guest 4 in amCD1. 
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It is immediately apparent that polarimetric data account for the formation of a simple 1:1 

inclusion complex only for the uncharged host at high pH values. By contrast, on decreasing 

the pH, deviations from the expected trend are systematically shown by the samples prepared 

at the largest guest concentrations. The same behavior, indeed, is also observed for the inclusion 

of the same anionic guests in amCD2 and amCD3. This finding indicates the formation of 

higher-order aggregates, although data did not allow obtaining a reliable evaluation of their 

stoichiometry or stability, at least within the range of guest concentration considered. We can 

observe that K values for guest 3 decrease on decreasing the pH of the solvent medium, similarly 

as for neutral guests. By contrast, the opposite behavior is found for 2 and 4, i.e. a regular 

increase on increasing the protonation status is observed, which is particularly evident for guest 

4. Finally, regarding the variations in the polarimetric response, we found that R tend to 

increase on decreasing the pH value, irrespective of the trend for the relevant K values.  

On passing to consider the behavior of hosts amCD2 and amCD3, it was decided to restrict the 

attention on the monoanion 2 and the dianion 4. The results obtained appear quite peculiar. As 

a matter of fact, for guest 4 a regular increase in K values, similar to the one found with amCD1, 

is observed with the two hosts both in the presence and in the absence of the buffering 

electrolyte. Even in this case, the presence of the electrolyte disfavors the inclusion process. By 

contrast, for guest 2 the same simple monotonic trend is observed only with amCD2 in the 

absence of a buffer, whereas in the other cases K values pass through a maximum. Moreover, 

in all the cases examined we found that also R trends appear non-monotonic. It is interesting 

to notice that the possible presence of a buffering electrolyte significantly affects both  and 

R values, although general trends cannot be clearly envisaged. 

In order to rationalize the whole of these results, a careful consideration of polarimetric 

responses is particularly useful. According to the regular increase of R values for the neutral 

guest 1 with amCD1 on decreasing the pH, accounts for a decrease of the average tilt of the 

guest with respect to the ideal host axis. This suggests the idea that the polarized guest molecule 

penetrates more and more deeply into the cyclodextrin cavity on increasing the positive charge 

of the host, owing to the occurrence of stronger dipolar interactions. Therefore, the inclusion 

complex must become stiffer; thus, K values decrease because of the consequent entropy 

unfavorable effects.102  A further unfavorable contribution, of course, may also be provided by 

the increasingly difficult desolvation of the electrically charged host. By contrast, for the 

dianionic guest 4 all these effects appear largely counterbalanced by the concomitant 

occurrence of very favorable Coulomb interactions. For the monoanionic guest 2, the 

occurrence of some non-monotonic trends indicates that such a counterbalance is less effective. 
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In the case of amCD1, the behavior of guest 3 is particularly intriguing, because its K trend 

neatly disagrees with the one for the other anions. This surprising behavior can be explained 

considering that, owing to the methyl group placed on the amino N atom, the ancillary chain of 

3 is unable to give multiple hydrogen bonding with the host cavity.37 This particular structural 

feature has been proven to have a significant outcome on the overall thermodynamics of the 

inclusion process,35,37 making entropy-unfavorable stiffening effects to act much more severely 

as compared to double-hydrogen-bond donor guests like 2 and 4.  

Another important piece of information is provided by the fact that a possible supporting 

electrolyte present in the system systematically affects both  and R values of our systems. 

Indeed, it is quite reasonable to assume that the polycationc pendant groups of the hosts may 

interact with the anions of the buffer, by either ion pairing or the formation of multiple hydrogen 

bonds. Under such circumstances, the mobility of the polyamine chains and, in turn, the 

conformational dynamics of the entire cyclodextrin scaffold, are heavily affected. These 

considerations enable us to rationalize the anomalous polarimetric trends mentioned previously 

for the inclusion of anionic guests. Assuming the possible formation of higher-order aggregates, 

trivial modelling considerations rule out the possibility that more than one guest molecule might 

be comfortably accommodated into the host cavity. Therefore, we may reasonably hypothesize 

the occurrence of a loose ion-pairing external association between the cationic pendant groups 

of the host and the anionic guest (a possible pictorial representation is shown in Figure 3.4).  

 

 

Figure 3.4 – Representation of a possible 1:2 amCD-guest aggregate. 

 

3.2.3 - Interaction with the alginate polyanion 

Further assessment of the possible interactions between anions and the polycationic pendant 

“bush” of our materials amCD1-amCD3 was achieved by studying their behavior towards a 

suitable model polyanion such as alginate sodium salt. In particular, the main points under 

investigation were: i) the stoichiometry of the possible complex formed; ii) the intimate 

mechanism of the interaction. For these purposes, series of working samples were prepared at 

given pH values (see Experimental section) by mixing variable micro-amounts of a 

concentrated solution of the polyanion (25 mN) with fixed aliquots of a solution (1.5 mM) of 
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each amCD. Qualitatively, we could observed three different behaviors. At high pH values, i.e. 

in the presence of the almost uncharged amCD, all samples prepared were clear, irrespective 

of the amount of polyanion added. On lowering the pH, clear solutions were formed only at the 

lowest Alg concentrations, whereas an intense turbidity developed on increasing the amount of 

polyanion over a limit value. On further lowering the pH, i.e. as the amCD approaches its 

highest protonation status, the addition of the polyanion in any amount always caused the 

formation of precipitates. Of course, this suggested that in the latter case the alginate added was 

completely precipitated off from the solution, due to its interaction with the polycationic 

amCD. This, in turn, implied that a larger and larger amount of amCD is subtracted from the 

solution on increasing the amount of alginate. On the other hand, in the second case the partly 

charged amCD is able to interact with the alginate forming some kind of aggregate, which 

precipitates off after it reached a saturation level. Noticeably, we verified that alginate alone 

never forms precipitates under any of the pH conditions examined. 

Working samples were subjected to polarimetric analysis (three typical trends are depicted in 

Figure 3.5).  

 

Figure 3.5 – Trends of ϑi at different pH values vs vi/V0 

At large pH values, the optical activity observed was simply the sum of the independent 

contributions from the amCD and the alginate. In particular, we observed a nearly linear 

decrease of the optical rotation of the samples, owing to the fact that Alg is levorotatory. This 

provides convincing proof that the almost uncharged amCD is not able to interact with the 

polyanion. On the other hand, the samples prepared at the lowest pH values were subjected to 

centrifugation (see Experimental section), and the optical activities of the supernatant liquor 

were measured. We observed a regular decrease, accounting for the progressive subtraction of 
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the amCD from the solution. Indicating with nr the average molar ratio between the amCD and 

the monomer units of alginate in the precipitate formed, by trivial algebraic passages it is 

possible to derive the expression (Eq. 3.1) for the relationship between of the optical activity of 

the samples and the amount of polyanion added  
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where the index i applies to the generic i-th sample of the series, 0 is the optical rotation of the 

relevant sample without Alg, vi and V0 are the volumes of the Alg and amCD solutions mixed 

in the sample respectively, c0
AlgNa and c0

CD the analytical concentrations of the relevant mother 

solutions. The behavior of the samples prepared at intermediate pH values is more intriguing. 

Before the formation of the turbidity at low alginate concentrations, either an increase or a 

decrease in values could be observed, depending on the particular case. On increasing the 

amount of polyanion, turbid samples were subjected to centrifugation, and the supernatant 

liquor again showed a regular decrease of the optical activity, according to the equation: 
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which is almost identical to Eq. (3.1), but for the presence of a suitable intercept term . Thus, 

in either cases we were able to evaluate the molar ratio nr. Data obtained, as a function of the 

AmCD, the pH and the possible presence of a buffer electrolyte are collected in Table 3.3 and 

illustrated in Figure 3.6. 

Table 3.3 – nr values for the amCD-AlgNa interaction. 

amCD1 amCD1 (with buffer) amCD2 amCD3 

pH <nH+>a nr pH < nH+>a nr pH < nH+>a nr pH < nH+>a nr 

11.2 0.1 0 11.4b 0.1 0 10.0 3.5 5.9  0.2 9.8 4.2 5.0  0.1 

8.4 4.8 4.3  0.3 8.4c 4.8 3.5  0.3 9.0 6.0 8.0  0.3 9.0 6.4 7.2  0.3 

7.3 6.5 5.0  0.2 6.5d 8.1 5.0  0.4 7.8 8.8 10.4  0.3 8.1 9.2 8.2  0.2 

6.5 8.1 6.5  0.4 5.3e 10.7 9.4  0.6 7.0 11.4 11.5  0.9 7.1 11.5 8.5  0.4 

4.6 11.2 6.8  0.5    6.1 13.9 13.2  0.8 5.9 14.5 9.9  0.5 
a Calculated according to analytical data from ref. 13. b Na2HPO4/Na3PO4 buffer (I = 0.1 M). c B(OH)3/NaB(OH)4 

buffer (I = 0.1 M). d NaH2PO4/Na2HPO4 buffer. e CH3COOH/CH3COONa buffer (I = 0.1 M). 

 

It is interesting to notice that in general nr values never coincide with the average charge 

(<nH+>) on the amCD. Thus, the precipitate must embed ions coming from the solution. Under 

this light, it is interesting to consider the behavior of amCD1 in either the presence or the 

absence of a buffering electrolyte. In both cases indeed nr values lower than <nH+> are found;  
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Figure 3.6 – nr values for the CD-AlgNa interaction, as a function of <nH+>. 

 

however, under pH conditions near to neutrality larger nr values are found in the absence of a 

buffer. This means that the amount of inorganic anions retained by the precipitate increases on 

increasing the content of inorganic electrolytes in solution. A close inspection of data reported 

in Table 2 suggests that the amCDs become less effective as precipitating agents on a relative 

scale, on increasing their protonation status, because nr values are significantly larger than 

<nH+> at high pH values, whereas the opposite occurs at low pH. In particular, nr values for 

amCD3 seem to reach nearly a plateau below pH 8. A similar trend is shown also by amCD1 

in the absence of a buffer, whereas data for amCD2 increase monotonically. A comparison 

between the three different amCDs suggests that amCD2 is the most effective ligand in 

interacting with the polyanion, because it shows the largest nr values at any pH.  

In order to rationalize these results, it must be recalled that the three AmCDs differ for both the 

average number of pendant groups (<nP>) and N atoms on each cyclodextrin scaffold, 

according to the analytical data reported. As we already mentioned, <nP> is always less than 7, 

owing to the possible occurrence of multiple substitution reactions on the same polyamine unit. 

Analytical data imply that the probability of multiple substitution for polyamines increases in 

the order Am2 < Am1 < Am3. This suggest that for Am3 multiple substitution is likely to occur 

mainly through different N atoms of the same polyamine chain (path “b” of Scheme 2.1, pag. 

18), whereas for Am1 and Am2 the same N atom is more likely to be involved (path “a” of the 

same Scheme). Under these circumstances, we may reasonably hypothesize that the polyamine 

“bush” of amCD2 should experience a larger flexibility and conformational freedom as 

compared to amCD3 or amCD1 (in the latter case because amCD1 possesses the shortest 
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chains). As a consequence, amCD2 results the best ligand towards Alg because it is able to 

achieve the best fitting upon the polyanion chain. Moreover, we also have to consider that 

protonation of the amCD occurs first on the farthest N atoms with respect to the cyclodextrin 

scaffold, as we mentioned previously. Therefore, at relatively high pH values, charged groups 

on each amCD unit benefit of a larger conformational freedom, in such a way that the ligand 

can interact with the polyanion in the most effective way. By contrast, at lower pH values, 

further charges on the amCD must allocate themselves in the relatively narrow space around 

the primary cyclodextrin rim. Therefore, the charge increase cannot improve the binding ability 

of the ligand, expressed in terms of number of anionic monomers per polycation unit. 

 

3.3 – Experimental section 

Sinthesis of N-(4-nitrophenyl)-iminodiacetic acid disodium salt 4 

The synthesis of guest 4 is not described in previous literature; therefore it was prepared 

according to procedures reported.35,37,100 Iminodiacetic acid (1.33 g, 10 mmoles) was treated 

with an equimolar amount of sodium methylate, obtained by dissolving sodium metal (0.46 g, 

20 mmoles) in dry methanol (20 mL), and the mixture was distilled in vacuo. The residue was 

dissolved in DMSO (10 mL); then 4-nitrofluorobenzene (1.41 g, 10 mmoles) and anhydrous 

Na2CO3 (1.06 g, 10 mmoles) were added. The reaction mixture was kept at 70 °C under stirring 

for 18 hours. Afterwards, the resulting slurry was dissolved in water (200 mL) and the solution 

was extracted twice with ethyl acetate (ca. 70 mL each); then, the aqueous phase was acidified 

with HCl 6 M up to pH 2, and the desired product was extracted trice with ethyl acetate (100 

ml each). The latter organic extracts were dried (Na2SO4) and distilled in vacuo to afford the 

crude product, which was dissolved in a sodium methylate solution, once again obtained 

dissolving sodium metal (0.46 g, 20 mmoles) in dry methanol (20 mL). Then, diethyl ether (80 

ml) was added to the solution to precipitate the pure product, which was finally filtered off. 

Yield 60 % (1.79 g). IR (nujol): ν (cm-1) 1597, 1516, 1339. 1H NMR (300 mHz, D2O): δ 3.95 

(s, 4H, -CH2-), 6.47 and 8.03 (2d, 2H + 2H, J = 9.5 Hz, pNO2-C6H4-N<). Elem. anal. C 40.24, 

H 2.73, N 9.39, Na 15.43 (calcd. for C10H8N2O6Na2: C 40.28, H 2.70, N 9.40, Na 15.42). 

 

Polarimetry 

Polarimetric determinations were performed on a JASCO P-1010 polarimeter. In order to obtain 

molar optical rotations  of materials amCD1-amCD3 at different pH values, mother 1.5 mM 

solutions of the materials in double-distilled water were prepared; then micro-volumes of either 

standard HCl 1 M or NaOH 1 M were added to aliquots (3 mL each) of the solutions, in order 
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to adjust the pH to the desired value. From the observed optical rotations of the samples 

(corrected for the small dilution effect), the relevant  values were easily calculated. 

Measurements of the binding constants for guests 1-4 were accomplished according to the 

general procedure described elsewhere.35,100-102 In brief, stock solutions of the hosts 1.5 mM 

were prepared, by dissolving the proper amount of substance either in pure water and then 

adjusting the pH at the desired value by adding small amounts of HCl 1 M or NaOH 1 M, or in 

an aqueous buffer solution at the desired pH value. Then, sets of sample solutions were 

prepared, by mixing variable micro-amounts (up to 150 L) of a concentrated guest solution 

(usually ca. 0.25 M) to fixed volumes (3 mL) of host solution. Buffer used are specified in the 

footnote of Table 3). In each case the actual pH value of the solutions was checked with a pH-

meter. Polarimetric data were subjected to suitable fitting analysis as described elsewhere,100 

by means of the proper equation derived analytically: 
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     (3.3) 

wherei is the optical rotation measured for the generic i-th sample, 0 the optical rotation of 

the pure host solution, v1 is the volume of guest solution added, V0 is the volume of amCD 

solution, H0
0 and G0

0 are the analytical concentrations of the host and guest solutions 

respectively,  the differential molar optical activity for the complex, K is the binding 

constant to be determined. 

In order to study the interaction between amCDs and Alg, a stock alginate solution 25 mN was 

first prepared as follows. The proper amount of substance (99.5 mg) was dissolved in warm 

water, after cooling to r.t. the volume was adjusted to 20 mL, and finally the solution was 

filtered through a 0.45  Millipore® filter. For the sake of clarity, the concentration was 

calculated according to the formula weight of the monomeric unit (C6H7O6Na). Then, sets of 

samples were prepared by mixing fixed aliquots (3 ml each) of stock amCD solutions at the 

proper pH value with increasing micro-amounts of Alg solution. Each sample was vigorously 

shaken, allowed to settle overnight and then centrifuged at 5000 rpm for 15 min. The 

supernatant liquors were carefully pipetted out, and the relevant optical activities were 

determined. Data were finally subjected to regression analysis according to the Eq.s (3.1) and 

(3.2).  
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- 4 - 

INTERACTION OF POLYAMINO-

CYCLODEXTRINS WITH POLYNUCLEOTIDES 
 

 

 

4.1 – Cyclodextrin-based gene delivery systems 

In recent decades, gene therapy has experienced a remarkable development, especially since 

the complete sequence of the human genome was published in 2001.107,108 This enabled to 

define the relationship between the misfunction of proteins, involved in certain diseases, and 

the genes encoding them, as well as to understand the molecular basis of diseases and thus 

directly act on their causes rather than on their symptoms. To do this, gene therapy109 exploits 

the use of genetic material able to alter gene expression in patient's target cells, reducing or 

correcting the expression of the disease for instance through the endogenous production of 

functional proteins. It is therefore necessary to introduce genetic material into target cells; 

however, nature has designed cells in such a way to preserve their genetic information, by 

hindering the uptake of exogenous nucleic acids. Therefore, the latter process may occur 

provided that appropriate vectors protect and carry the suitable genetic material (DNA or RNA), 

leading to its internalization. 

The first candidates to carry out these functions have been viruses, which are naturally designed 

to infect cells and transfer their genetic information. Then, by replacing the viral gene 

responsible of its replication, with genes of therapeutic interest, it is possible to use a virus as a 

carrier. Despite the excellent results obtained, several problems arose related to toxicity and 

immune system, which sees a virus as a danger and therefore tends to fight it.110,111 For these 

reasons, the use of viral vectors has been banned from main health surveillance agencies. 

Artificial non-viral vectors91,112-115 have been then developed, which have the advantage to be 

invisible to the immune system, and can also be constructed in such a way to fit the type and 

amount of genetic material to be carried. The carriers proposed so far can be divided into two 

main categories, namely amphiphilic cations (surfactants)116,117 and cationic polymers,118,119 
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both able to interact electrostatically with nucleic acids and form nanoparticle complexes 

(called Lipoplex and Poliplex respectively).120 The latter ones are able to protect the genetic 

material and facilitate the cell membrane crossing. However, the efficiency and selectivity of 

these carriers are not yet comparable to viral-based ones, and are not entirely cytotoxicity-free 

as well. 

In order to obtain new carriers with improved abilities, the possible use of cyclodextrins 

derivatives has been widely investigated.91,121-125 In fact, they provide better biocompatibility 

to the systems in which they are implemented by reducing the cytotoxicity of the resulting 

carrier; and by exploiting their resistance to enzymatic attach because of their non-peptide 

nature. Moreover, thanks to their ability of complexing some constituent elements of the cell 

membrane, such as cholesterol,28 they destabilize the membrane27 itself increasing the 

transfection ability of formulations in which they are present.126-130 There are numerous 

examples relating to the integration of cyclodextrins in cationic polymers,131-146 

dendrimers54,147-156 and polyrotaxane.157-168  

In the last few years, new appealing monodisperse systems based on polycationic cyclodextrins 

(at physiological pH) have been developed.56,92,130,169-176 The first design synthetic protocol to 

obtain this kind of derivatives, rely on the easy regioselective per-modification of the primary 

hydroxyl groups with aminoalkylamino, guanidinoalkylamino169,174,175 or oligoethyleneimino 

groups.56 (Figure.4.1) 

 

Figure 4.1 – Structures of polyaminocyclodextrin derivatives. 

 

Yannakopoulou et al. have carried out the synthesis of aminoalkylamino and 

guanidinoalkylamino α-, β- and γ-CDs, in order to obtain systems with cell-membrane 

penetrating features similar to the ones already seen for lisine or arginine-based 

polypeptides.177-180 The syntheses were carried out starting in both cases from the heptakis-(6-

deoxy)-(6-bromo)-CD derivatives; the aminoalkylamino derivatives were then obtained by 

nucleophilic displacement reaction with the proper diamino alkyl group, whereas the guanidine 
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derivatives were obtained or by direct guanidilation of the aminoalkylamino derivatives, or by 

displacement of the bromine atoms with azide groups, the reduction by Staudinger reaction 

followed by guanidilation of the resulted amino groups. 

These systems were found able to bind and protect pDNA and siRNA as demonstrated by its 

reduced electrophoretic mobility as well by its low interactions with fluorescent ethydium 

bromide stain, with an efficiency better than the per-(6-deoxy)-(6-amino)-CDs used as 

reference systems.130 This has been attributed to the ability of the aminoalkylamino- e 

guanidinoalkylamino-CDs to condense polynucleotides by forming globular nanoparticle as 

shown by Atomic Force Microscopy. The assayed derivatives presented an order of efficiency 

as much higher as the number of substituents on cyclodextrin scaffold increases (resulting in 

the best activity of γ-CDs). The best activity of guanidinoalkylamino-CDs is related to the well 

know guanidine-phosphate specific interaction.181   

Transfection assays were also carried out on Human embryonic kidney cells (HEK 293T), 

showing transfection abilities comparable to the commercial available transfecting agent 

Lipofectamine 2000.175 Reineke et al. have carried out the synthesis of a library of seven-

branched polycationic βCDs, bearing linear oligoethyleneimine (OEI) groups characterized by 

different length and number of protonable sites (Figure 4.1). The syntheses were carried out by 

anchoring the desired OEI groups, previously modified as acryloyl amide, on heptakis-(6-

deoxy)-(6-azido)-βCD,  exploiting the copper (I) catalysed azide-alkyne cycloaddition reaction. 

All the systems tested have proven to bind pDNA in nanoparticle systems (Polyplex), having 

average diameters ranging from 80 to 130 nm, as shown by DLS and TEM analysis, providing 

protection to the encapsulate gene materials toward the DNAse degradation. Electrophoretic 

mobility shift assays have also highlighted that polycationic CDs are able to bind pDNA, 

hindering its electrophoretic migration in a combination ratio, defined N/P (where N is related 

to the nitrogen atoms on polycationic CDs and P is the number of phosphate groups of pDNA), 

ranging between 1.5 and 2.5 and with an efficiency as higher as the OEI length increase. The 

same trend was observed probing the transfection abilities of polycationic CDs towards human 

cervix adenocarcinoma (HeLa) and rat cardiomyoblast (H9c2) cells, compare with commercial 

transfecting agents as cationic polymer Jet-PEI and cationic dendrimer Superfect. In particular, 

the polycationic CDs with OEI chains featured by the presence of 4 and 5 amino groups have 

revealed the better transfection abilities, with almost the same extent of effectiveness with 

respect to the reference Jet-Pei and Superfect, but characterized by a lower toxicity towards 

both the cell lines.56  
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A step forward was accomplished by exploiting the confined and opposite orientated 

architecture of the CD rims, allowing the installation of cationic and hydrophobic defined 

regions in order to obtain amphiphilic cyclodextrins.55,90,182-189 This kind of set up took 

advantage from the facial amphiphilicity concept,91,190,191 relied on the idea that systems 

featuring opposite positioned cationic and hydrophobic domains, might improve their fusogenic 

properties toward membrane cell, favouring the internalization process of the particle systems 

formed upon gene material interaction.   

The regioselective insertion of cationic and lipophilic moieties can be carried out on the primary 

or the secondary rim respectively, giving rise to Skirt-type55,90,183,184,187,188 designed systems or 

by a reverse orientation to jellyfish-type systems.192,193 Both arrangements have been 

investigated, although the Skirt-type design was the most studied due to its streamlined 

synthetic pathway and better gene-complexing performances. 

At this regard Ortiz-Mellet’s group, during the last decade have conceived and developed a 

wide library of amphiphilic βCDs, by anchoring polyamino branches and alkyl tails on the 

primary and secondary edge respectively.55,90,184,186-188,193 The insertion of polyamine groups 

was accomplished by exploiting two different “click” approaches, namely the copper (I) 

catalysed azide-alkyne cycloaddition reaction between heptakis-(6-deoxy)-(6-azido)-βCD and 

alkinyl-polyamines, or the amino isothiocianate coupling reaction between cysteamyl-βCD 

derivatives and polyamino-isothiocianate derivatives (see Figure 1.4), whereas the alkyl chains 

were linked by ester or ether bond.  

All the polycationic amphiphilic cyclodextrin derivaties (PaCDs) developed so far, which 

differ for the architecture of the polyamino groups (length, ramification and number of 

protonable amino groups), flexibility of the linker (aware that cysteamyl-thioureido moieties is 

more flexible than tryazole one) and the length of alkyl chain, were tested in order to evaluate 

their abilities to compact and protect pDNA in nanoparticles systems (CDPlex), as well as 

favouring its uptake. In any case PaCDs have shown by electrophoretic assays the ability to 

bind pDNA hampering its migration through the agarose gel at an N/P value never exceed 10, 

protecting the pDNA making it inaccessible to the ethidium bromide intercalating agent, with 

the resultant disappearance of the electrophoretic line. 

In a careful structure-activity relationship study it was concluded that the best PaCDs 

configuration to have the best gene delivery performance is obtained for the 

aminoethylthioureido pattern joined with hexanoyl tails.55 In particular, PaCDs with a dendritic 

like structure (Figure 4.2) has reached high level transfection performance towards murine 

hepatocyte (BNL-CL2) and green monkey epithelial kidney (COS-7) cell lines, with an 
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efficiency ten-fold higher with respect to the polyethylene imine (considered the referring 

standard in non-viral gene delivery transfection), but at lower N/P value (5 vs 10) and with a 

reduced toxic profile. 

 

 
Figure 4.2 – Structures of PaCDs 

 

These findings were explained taking into account the dendritic nature of this PaCDs, as well 

as the presence of thioureido moieties which afford the mutual hydrogen bonding and 

electrostatic interactions, thereby mimicking the reversible recognition abilities of biological 

receptors towards phosphate groups.181,194 

Furthermore, this kind of PaCDs promote the wrapping of the pDNA in spiral-shaped 

nanoparticles with an average diameter of 40 nm, constitute by a series of alternating layers of 

pDNA and PaCDs self-assembled each other on the hydrophobic side, as revealed by TEM 

images. The whole of the results led the authors to consider as an essential feature the presence 

of lipophilic tails in order to achieve the best complexation performance of pDNA in CDplex 

and then favour the crossing of membrane cells.186 In any case, the synthetic methodologies 

described for the synthesis of PaCDs, although affording pure compounds, are characterized 

by a long series of synthetic steps, or by the need to work in drastic reactive conditions, affecting 

the overall yield and making the synthetic procedure uneconomical in view of a production on 

a larger scale. 

My work on amCD is framed in this context. The amCDs, obtained by a more streamlined and 

cost-effective synthetic process, were tested in order to assess their ability to act as vectors for 

the protection and transportation of plasmid DNA although present as a mixture of compounds 

with different degree of substitution. It is noteworthy indeed that these compounds are 

polycations at physiological pH values, having more than 50% of their basic sites in their 

protonated form, and therefore it is reasonable to predict that possess, like to the aforementioned 

PaCDs, a comparable ability to interact with the pDNA. In particular, three of the amCDs 

obtained namely amCD1, amCD2 and amCD3 were assayed for interaction with pUC19 

chosen as a suitable target. 
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4.2 - Results and discussion  

4.2.1 – pUC19 complexation EMSA assays 

The pUC19 is a plasmid DNA (pDNA) constituted by ca. 2700 bp (base pairs), which is present 

in three different forms i.e. linear, circular and supercoiled. (Figure 4.3) 

pUC19 is characterized by the presence of one ampicillin resistant gene (ampR). The uptake of 

this plasmid by a bacterium cell provides it with resistance to ampicillin. 

 

 

Figure 4.3 – EMSA assay and schematic representation of pUC19. 

The pDNA and the proper amount of each amCD were mixed in different combination ratios. 

The latter ones are defined as N/P ratios, i.e. as the ratio between the number of nitrogen atoms 

on the cyclodextrin core and phosphate groups of pDNA. To do this, as equivalent weight for 

amCDs were used the ones previously reported (see pag. 21), whereas for pDNA an average 

equivalent weight of 330 was used, which corresponds to the average molecular weight of a 

nucleotide monophosphate unit. 

The first assays were carried out using 200 ng of pDNA, mixed with the appropriate amount of 

amCD in order to obtain the following N/P ratios: i) 0.55; ii) 2.75; iii) 5.5; iv) 8.25; v) 16.5; vi) 

27.5 for all the three amCDs. After a period of incubation of 20 min at r.t., the complexation 

of pUC19 by amCDs was assessed by means of a gel electrophoresis mobility shift assay, 

repeating the assay in triplicate for each amCD (Figure 4.4). 
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Figure 4.4 – Binding EMSA assays 

 

It is apparent from the photographs related to the EMSA with amCD1, amCD2 and amCD3 

respectively, that amCD1 has the best binding ability towards pUC19 with respect amCD2 and 

amCD3. As a matter of fact, amCD1 binds pUC19 almost completely at N/P as large as 27.5, 

hindering it to move through the gel; whereas for amCD2 and amCD3 there isn’t apparently 

change in the migration ability of pUC19 through the gel, at the different N/P values. For this 

reasons others EMSA assays were carried out by probing higher N/P values, namely 38.5 49.5 

and 60.6. (Fig. 4.5) 
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Figure 4.5 – Binding EMSA assays 

 

The photograph shows that in presence of amCD1, pUC19 is completely blocked at N/P as 

large as 38.5, whereas in the case of amCD2 and amCD3 it is needed to use a N/P value as 

large as 49.5. In order to explain the different binding abilities of amCDs toward pDNA, it is 

necessary to keep into account the different factors which could affect their mutual interaction. 

First of all, by submitting the previous pictures to a more careful analysis it is clear that the 

binding ability of the amCDs is related to the form of pUC19, which is characterized by 

presence of Circular, Linear and Supercoiled DNA, first second and third line respectively. As 

a matter of fact, the affinity of amCD towards the three different forms of pUC19 follows the 

order Supercoiled > Circular > Linear. (Table 4.1) 

 
Table 4.1 – Results of binding assays. 

 amCD1 (N/P) amCD2 (N/P) amCD3 (N/P) 

Supercoiled 5.5 16.5 16.5 

Circular 16.5 27.5 27.5 

Linear 38.5 49.5 49.5 

 

Obviously the higher affinity for a packed structure such as supercoiled and circular forms could 

be explained considering that it is easier to compact an already packed structure. On the other 

hand, as long as the Linear form is concerned, amCDs do not seem particularly able in 

complexing it effectively. Probably the amCDs interacting with DNA wrap it longitudinally, 

in such a way to keep its linear shape, that in conditions of not completely neutralized charge, 

enables it to migrate through the gel at worse with a reduced steric hindrance. 
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On passing to consider the effect of the length of the polyamine chains, the best performances 

of amCD1 appear in disagreement with the results obtained with alginate. It is worth noting 

that, under the pH conditions used (i.e. pH 7.5), amCD1 has a lower average charge (ca. 6.2) 

as compared to amCD2 and amCD3 (ca. 10.4 both). It is reasonable to assume that the presence 

of the polycation may induce significant conformational changes in the fairly flexible pDNA 

polyanion, at the cost of inducing a certain amount of strain. Of course, these changes can hardly 

occur for the much stiffer Alg structure. Therefore, amCD1 may overall appear more effective 

towards pDNA because, due to its smaller charge, binding involves a larger amount of 

polycation units, each inducing a relatively small strain along the polyanion chain. By contrast, 

the most charged amCD2 or amCD3 units cause larger strain, overall destabilizing the 

interaction. 

 

4.2.2 – Bacterial transformation assays 

Furthermore, in order to test the gene delivery ability of amCDs, some transformation assays 

were carried out.  The interest for this peculiar model relied in the fact that, as it was mentioned 

in the introduction, polycationic systems such as dendrimers amphiphilic cations and PaCDs, 

are very effective in performing transfection of gene material into eukaryote cells. Therefore, it 

seemd worth testing the possibility to exploit similar systems also toward prokaryote cells. As 

a general procedure, Escherichia coli DH10B Calcium Competent (CaCO) cells, were 

subjected to thermal shock in presence of the desired pUC19-amCD mix. 

Then, the samples obtained were spotted on a petri dish with LB-Agar medium in the presence 

of ampicillin, used as restriction antibiotic, and incubated at 37 °C O.N. The internalization of 

pUC19 confers ampicillin resistance to the CaCO E. coli cells. Then the transformation ability 

of amCDs can be easily assessed by numbering the resulted bacterial colonies. In particular, 

taking into account the result obtained by EMSA, the transformations assays were performed 

using the following N/P ratio i.e 38.5 for amCD1; 49.5 for amCD2 and amCD3; as reference 

the same amount of free pUC19 was used. The results are summarized in Table 4.2. 

 

Table 4.2 – Results of bacterial transformation assays 

 Free pUC19 amCD1 N/P 38.5 amCD2 N/P 49.5 amCD3 N/P 49.5 

Bacterial Colonies 1290 ± 10 5.0 ± 1.5 2.0 ± 0.7 140 ± 10 

 

These results show that amCDs are ineffective in performing the internalization of pUC19, but 

rather they hamper it. This could be explained taking into account the peculiar role of Ca2+. The 

Ca2+ ions, indeed, create a positively charged layer on the bacterial surface, attracting in this 
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way the negatively charged pDNA, which after thermal shock and destabilization of the cell 

wall is easily internalized.  As a consequence of the amCD interaction, pDNA can be 

neutralized or makes positive, thereby do not enabling the electrostatic attraction by Ca2+ ions 

on bacterial surface or worse causing their repulsion. 

In comparisons with other literature data concerning polycationic cyclodextrins, it is clear that 

the results obtained, are very different. In particular, regarding to the electrophoretically 

assessed ability of PaCD to complex pDNA by blocking its migration, N/P values, usually 

reported range from 1 to as much as 5. Considering the transformation efficiency, the main 

example reported in literature are related to transfection assays i.e using eukaryote cells as 

target. Many Authors report transfection efficiencies similar or even better than those obtained 

using other commercial gene delivery systems (Jet-PEI, Superfect or Lipofectamine), but in 

almost every case greater with respect the free pDNA.  

It is worth mentioning that most of PaCD reported in literature, are pure chemical individuals 

and the polycationic pendant groups present on their primary rim are characterized by a large 

conformational freedom, which depends on the nature of spacer present between the arms and 

the CD scaffold, as well as by the length of the arms itself. This give to the PaCD the possibility 

to fit upon the pDNA surface in order to maximize their interactions. In the case of amCDs a 

lesser flexibility of the polyamine branches can be assumed. In fact, because of the possibility 

that the polyamine arms give rise to polysubstitution, a certain amount of them can form bridge 

on the primary rim of the CD. This event as long as causing a decrease in conformational 

flexibility, also shortens of the effective polyamine length. Obviously, these facts negatively 

affect ability of amCDs to fit themselves to the pDNA. As a consequence, rising the N/P ratio 

is need for its complexation. This aspect is worsen considering the self-folded tendency of 

polyamine arms as the number of nitrogen atoms and length become higher, as shown by 

Ohwada et al. by means of molecular modelling of amphiphilic steroid-polyamine.195  

Considering the trasformation assays carried out with amCDs, cannot be compared to the 

transfection assays reported in literature using PaCDs as gene delivery systems, because deal 

with different cell strains, with the main difference that the target cells belong to different taxon 

namely Prokaryota and Eukaryota respectively and then featured by different cell membranes 

and different permeability towards exogenous materials. 

Finally, PaCDs reported in literature, as well as it be pure molecules obtained with a long and 

expensive click chemistry approach, are characterized by the presence of alkyl chains on the 

secondary rim, which make it amphiphilic. This feature allows them to give rise to self-

assembled structures by pDNA interaction, so favouring the protection and delivery of pDNA.   
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The lack of the alkyl chains in amCDs is clearly another explanation to the low ability of them 

to delivery pDNA into CaCO E. coli cells, due to a less affinity of per-hydroxy secondary rim 

of βCD with phospholipid membrane, whereas systems with alkyl chain can blend to the cell 

membrane favouring the transfection process by uptake the PaCD-pDNA complex. 

 

4.3 - Experimental section 

Plasmid preparation  

The plasmid used in this work pUC19, was amplified in E. coli culture left to grow under stirring 

at 37 °C in 1.6 L of terrific broth (TB – a high rich culture medium containing bacto triptone, 

yeast extract, glycerol and a KH2PO4 – K2HPO4 pH 7.8) in presence of ampicillin as restriction 

antibiotics. After overnight incubation bacterial cells were collected by centrifugation and 

subjected to alkaline lysis protocol to recover plasmid DNA. The resulted pellet was 

resuspended with 90 mL of cold SOL I (50 mM glucose – 25 mM Tris-HCl – 10 mM EDTA) 

and 10 mL of 10mg/mL Lisozime solution. Then, to the resulting solution 200 mL of SOL II 

(0.2 M NaOH – 1% SDS) and 10’ later, 100 mL of cold SOL III (3M CH3COOK - 2M 

CH3COOH) were added. The resulted solution was stored at 0 °C for 10’, then it was 

centrifuged and filtered. Finally, to the clear solution 240 mL of 2-propanol was added to 

precipitate pDNA which was finally recovered by centrifugation.  

The obtained pDNA, was treated with RNAse and then purified using phenol-chloroform 

extraction in order to remove the last traces of proteins and RNA. The purified pDNA was 

suspended in TE buffer (Tris-HCl 10 mM – EDTA 1 mM pH 7.5) and quantified by gel 

electrophoresis, using a graphical software (ImageJ) in order to compare the lines of our pUC19 

with lines of λ fragment HindIII Marker used as reference. Moreover, the purity of pDNA was 

spectrophotometrically assessed considering the absorbance ratios 260/280 and 260/230, which 

are related to the degree of contamination by RNA and protein respectively. In particular, for 

pUC19 values of 1.75 and 1.96 were obtained indicating the presence of a quite pure pDNA. 

The pDNA solution, with a concentration of 200 ng/µL, was aliquoted and stored at -20 °C. 

 

Electrophoretic mobility shift assays 

In order to observe the effect of amCDs on the electrophoretic mobility of pUC19, different 

mixtures of amCD-pDNA were subjected to electrophoretic assays. In particular, starting from 

the concentrated solution of pUC19 (200ng/µL) this was diluted 1:3 obtaining a solution 66.7 

ng/µL. For the EMSA assays, the composition of each systems characterized by a different N/P 

ratio (equivalent of nitrogen atoms/equivalent of phosphate groups), was adjusted keeping into 
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account a constant amount of pDNA (200ng) and a final volume of 20 µL. The proper amount 

of each amCDs was added to the systems starting from stock solutions at a concentration of 

33.3 mN for each amCD, and performing the due dilutions using in each case TE buffer (Tris-

HCl 10 mM – EDTA 1 mM pH 7.5) as the solvent. 

Basically, a generic system was composed by 3 µL of pDNA solution 66.7 ng/µL, a variable 

volume of amCD solution and the necessary amount of TE buffer to adjust the final volume to 

20 µL. After their preparation the systems were incubate for 20 min at r.t.; then 3 µL of loading 

buffer (0.25% BFB – 30% Glycerol) were added to each system, which was then loaded on a 

0.8% agarose gel (8 mg/mL per 150 mL TBE buffer [Tris 44 mM – boric acid 44 mM – EDTA 

1 mM; pH 7.5] stained with 1.5 µL of Ethidium Bromide). Each system was then submitted to 

30’ electrophoresis under 100 V, using in any case free pDNA as reference. 

 

In vitro transformation assays  

Before transformation assays, E. coli DH10B CaCO cells were grown in Lauria-Bertani 

medium (LB -  culture medium containing bacto triptone, yeast extract and NaCl) at 37 °C up 

to an optical density at 650 nm as large as 0.6. Then the culture is stored at 0 °C for 2 hours. 

Whereupon the cells were subsequently collected by centrifugation, treated with a 70 mM CaCl2 

solution, and stored at 0 °C for 1hour. Then cells were again collected by centrifugation, treated 

with freezing solution (70 Mm CaCl2 – 10% (w/v) glycerol) and finally aliquoted and frozen at 

-80 °C. 

In order to perform the transformation assays, two systems of 20 µL for each amCD/pDNA 

ratio selected (N/P 38.5 for amCD1 – N/P 49.5 for amCD2 and amCD3), as well as the control 

systems with free pDNA were prepared, added with 50 µL of E. coli DH10B CaCO cells and 

stored at 0 °C for 30 min; then the systems are warmed up to 42 °C for 45 s and soon after 

cooled at 0 °C for 2 min. After that 500 µL of LB medium were added to each system afterward 

left stirring at 37 °C for 1 hour. At this point 50 µL of each starting systems, were spotted on 

three different Petri discs containing LB-agar medium (10 g/L bacto triptone, 5 g/L yeast 

extract, 10 g/L NaCl and 12 g/L agar) and 100 µg/mL of ampicillin in such a way to have double 

triplicate experiment parallelly prepared. The systems were incubated overnight at 37 °C. 

Afterwards the transformation efficiency was evaluated comparing the number of bacterial 

colonies formed in presence of amCD/pDNA complexes, with respect to those formed with 

free pDNA.  
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- 5 - 

POLYAMINOCYCLODEXTRIN NANOSPONGES: 

SYNTHESIS AND pH-TUNABLE 

SEQUESTRATION ABILITIES 
 

 

 

5.1 – The Cyclodextrin-based Nanosponges 

Cyclodextrin-based nanosponges (CD-NSs) are members of a novel class of hyper-reticulated 

polymeric materials characterized by a nanoporous 3D-framework. The first reported use of the 

term nanosponge it dates back to 1998 when Ma et al. have coined this name to label insoluble 

polymers obtained by cross-linking β-cyclodextrins with organic diisocyanates lynkers.196 The 

authors used the so-obtained CD-NSs for the removal of organic pollutants as p-chlorophenol 

from waste water.197   

The rationale behind CD-NSs is exploiting and improve the complexation abilities of native 

CDs by cross-linking them with suitable moieties, in such a way to obtain a supramolecular 

absorbent agent. Noticeably, the presence of linker agents might provide in principle further 

binding sites to the included molecules both for direct interactions and for the formation of 

nanochannels in the nanosponge structure, able to function as supplementary host cavities. The 

most common linker agents used so far are bis-electrophiles198 as epichlorohydrin; carbonyl 

compounds (carbonyldiimidazole, diphenylcarbonate, triphosgene); diisocyanates or 

dianhydrides. In general, for the synthesis of CD-NSs two different approaches were exploited 

namely solvent evaporation approaches and ultrasound-assisted synthesis.199,200 In the first case 

the synthesis is carried out by refluxing cyclodextrin with solvent (Ethanol, DMF etc.) in 

presence of an excess of the desire crosslinker. The second one is a solvent free-method 

whereby a cyclodextrin-crosslinker blend is left reacting under sonication. In both cases the 

resulted products are grinded and purified by Soxhlet’s extraction using ethanol. Nevertheless, 

the abovementioned methods are the most used, in literature others strategies as microwave 

assisted synthesis are reported for the synthesis of CD-NSs.201 It is noteworthy that FTIR-ATR, 
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solid state NMR and Raman analyses have confirmed that the primary hydroxyl groups are 

mainly involved in the crosslinking process.202,203 

The reticulation process gives rise to sub-micrometrical particles featured by a channel-rich 

structure, like a sponge. 204-207  The nanosponges reported so far in most studies are basically 

powders constituted by roughly spherical particles with an average diameter of 200-500 nm and 

a narrow polydispersity. Furthermore, CD-NSs with crystalline or paracrystalline structure can 

be obtained, when ultrasound-assisted synthesis is used. Regarding to the physicochemical 

properties of nanosponges, a good example is given by the carbonate nanosponges which have 

showed to be thermally stable up to 300° as well as being autoclave-resistant. Furthermore, the 

chemical stability of these nanosponges at 60 °C in acidic and basic envoriments was tested as 

well, showing a limited leakage of cyclodextrin units from the nanosponge structure. 

Albeit their hydrophilic nature, accounted for by their high wettability as well as swelling ability 

in aqueous media, the high degree of reticulation makes water insoluble CD-NSs, able to form 

long lived colloidal suspensions, due to the negative  potential ranging from -20 to -40 mV, 

which is enough large to exert the needed repulsive force to avoid particle coalescence.  

In principle, the CD-NSs properties might be tuned by acting on the kind of cyclodextrin or 

linker used, as well as on their ratio. In this way it is possible to affect the reticulation degree 

and in turn the dimension and accessibility of nanochannels, thereby varying the inclusion 

abilities.208 For example, CD-NSs obtained using pyromellitic dianhydrides give nanosponges 

with free carboxylic groups, which although less chemically and thermally stable, are 

characterized by higher swelling tendency and more negative  potential allowing them to 

include cations, organic molecule and macromolecules.209 In any case it is necessary to 

remember that, regardless the type of linker used, nanosponges exhibit many hydroxyl groups, 

which can be wisely modified changing their properties as well.   

The increased inclusion properties of CD-NSs with respect the free CDs and their controllable 

ability to catch and release diverse substances, have allowed their application in different fields.  

The first use of CD-NSs was the water purification by different kind of pollutant,210 as described 

in a recent review dealing with the environmental use of epichlorohydrin nanosponges.211 CD-

NSs have revealed the ability to remove different type of pollutants such as organic molecules 

or heavy metals with an efficiency higher to the activated carbon, and with the possibility to be 

easily recovered washing them with a green solvent as ethanol.212 

In the last decade, thanks to their non-toxic nature, CD-NSs have progressively carved a niche 

in the pharmaceutical field becoming among of the most studied drug delivery systems,199,204,209 

as highlighted in a recent report of EU commission as well.213 
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There are many advantages on the use of CD-NSs as drug delivery systems with respect to free 

CDs. First of all, the greater amount of different interaction site, available and their faceted 

polarities. Indeed, along with the hydrophobic CD cavities, there are a lot of hydrophilic site in 

the nanochannel walls and in the outer CD faces, thereby allowing the inclusion of differently 

polarized molecules.208,209,214 Second we have to consider that release rates may be regulated 

by modifying the reticulation degree. Finally, a valuable features is their biodegradable and 

non-toxic nature (tested both in vitro and in vivo),215 considering also that the free βCD is 

characterized by low water solubility and cannot be intravenously injected owing to 

nephrotoxicity issues. Noticeably, drugs characterized by poor water solubility, by dispersion 

into CD-NSs structure can improve their apparent solubility, enhancing their overall 

bioavalaibility. For instance, Swaminathan et al. showed that water solubility of Itraconazole 

can be enhanced more than 27 fold using carbonate CD-NSs, and up to 55 fold when polyvinyl-

pyrrolidone (PVP) is added to the nanosponge.216 

The inclusion of drugs into CD-NSs structure enable to circumvent other drawback namely 

their possible chemical-, enzymatic- or photo-degradation.209 For example, the anticancer drug 

Camptothecin, other its low solubility, is characterized by a low stability, due to the easy 

hydrolysable lactone ring present in its structure. At this regard Cavalli et al. studied the 

inclusion of Camptothecin in three carbonate nanosponges differing each other by the 

linker/βCD ratio being 2, 4 and 8 respectively. The interaction of Camptothecin and 

nanosponges structure was confirmed by FTIR, DSC and XRPD. In any case nanosponges 

proven their ability to protect Camptothecin by lactone hydrolysis at physiological condition, 

indeed after 24 h of incubation at 37 °C and pH 7.4, 80% of lactone form was found, with 

respect to the 20% of the unmixed drug.217 Furthermore, the nanosponges enable the 

solubilisation of higher amount of Camphothecin, its slow release over time and an improved 

activity towards target cells.218  The last advantage of the use of CD-NSs as drug delivery 

system is their support to the drug release, which can be tuned by acting on the reticulation 

degree of nanosponges. In fact, it has been seen as the release rate is inversely correlated to the 

degree of reticulation.208 Therefore, the possibility to accomplish a controlled release of the 

drug over the entire dosage period enables the lowering of the drug administration, as it was 

showed for Flurbiprofen, Nelfinavir mesylate or Acyclovir loaded nanosponges.209,219,220 

Among other applications, it is worth mentioning the use of CD-NSs as support for catalyst, in 

particular of enzymatic nature, because CD-NSs are able to preserve and prolong their 

activity;221 the application of CD-NSs in agriculture as slow release agent for chemicals;222 as 

flame retardant additives for polymers223, as gas carriers224 and in enantio-differentiating 
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photoisomerization processes.225 The possibility of tuning the absorption and release abilities 

of CD-NSs, in particular the achievement of sensitivity to all conditions, appeared particularly 

interesting. For this reason, part of the present work was developed to explore the possibility of 

employing amCDs for the construction of new CD-NSs. 

 

5.2 - Results and discussion 

5.2.1 – Sinthesis of ACN materials  

With the aim to accomplish the syntheses of amCD-based nanosponges (ACNs), a different 

approach with respect to previously reported in literature was exploited. Because of the 

intrinsically nucleophilic nature of the polyamine linkers, it was reasoned that the βCD residues 

could be work as the electrophilic moieties of a nucleophilic displacement reaction. At this 

regard, the already mentioned BrβCD appeared a suitable candidate as the starting material. In 

a first series of experiments, we tried to react directly BrβCD and four polyamines, namely 

Am2, Am3, Am6 and Am7. The BrCD and amines were reacted in a 2:7 mol/mol ratio. The 

carefully blended solvent-free semi-fluid mixture of the reactants was kept at 60 °C for 48 h, in 

order to ensure that the nucleophilic displacement reaction came to completion. Unfortunately, 

in this way only intractable, partly water soluble, gummy slurries were obtained. Then, a 

different approach, was considered, namely the reaction between amCD2, amCD3, amCD6 

and amCD7 derivatives with BrβCD. In particular, amCDs were placed to react with BrβCD 

in a 7:ñ mol/mol combination ratio (Rt) which corresponds to a 1:1 equivalent ratio between 

the two reactants (Figure 5.1). The reaction was performed in the presence of a very small 

amount of DMSO (ca. 400 mL per g of reactants mixture) just to allow the right homogenization 

of the reactants. The desired polymers were obtained as amorphous materials which, after 

repeated washings with methanol and diethyl ether and subsequent drying, could be easily 

grinded (< 150 µm) to afford the final products as pale brown powders, in very high yields (i.e. 

95%, see later). 

 
Figure 5.1 – Pictorial representation of ACNs. 
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5.2.2 - Characterization of the ACN materials: solid state NMR  

The resulted polymers, labelled ACN1–ACN4 (according to the amCDs order), were firstly 

characterized by FT-IR and 13C{1H} CP-MAS NMR spectroscopy. These preliminary 

spectroscopic characterization, gave information about the polymeric nature of the materials. 

FT-IR spectra of amCD6 and the corresponding material ACN3 are depicted in Figure 5.2 as 

representative examples.  

 

Figure 5.2 – FT-IR spectra of amCD6 and ACN1 

As it is possible to see, both spectra show almost the same main features. In particular, we can 

notice a system of three peaks at 1155, 1084 and 1041 cm-1 (together with a minor signal at 946 

cm-1) constituting the typical fingerprint of the CD scaffold. Spectra also show the large and 

intense O–H stretching band in the region over 3200 cm-1, which conceals possible N–H 

stretching bands. Moreover, the presence of residual traces of water is accounted for by the 

jagged H–O–H bending band centered at ca. 1627 cm-1. The main difference is related to the 

disappearance of the primary amino group wagging band at 722 cm-1 in the ACN3 spectra, 

which is a clear evidence of the presence of a polymeric network. 

Solid state 13C{1H} CP-MAS226 NMR spectra of ACN materials are illustrated in Figure 5.3. 

All spectra show a system of three signals accounting for the CD scaffold. In particular, we 

notice a signal centred at ca. 103 which can be attributed to the anomeric C(1), and two partly 

overlapped signals at ca. 84 and 73 ppm, the first one attributable to the C(4), the second one 

cumulatively to the C(2), C(3) and C(5) carbon atoms. The spectra of materials ACN3 and 

ACN4 show two broad signals centred at ca. 50 and 27 ppm, together with a further minor 

signal at ca. 41 ppm. The signals at ca. 50 and 41 ppm can be reasonably attributed to C atoms 

directly bound to a nitrogen atom, i.e. the C(6) of the CD scaffold and the end-chain C atoms 

of the diamine linkers Am6 or Am7. The signal at ca. 27 ppm, in turn, can be attributed to the 

other C atoms of the linker chains. 
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Figure 5.3 – 13C{1H} CP-MAS solid-state NMR spectra of ACNs. 

 

On the other hand, in the spectra of ACN1 and ACN2 no signal at 41 ppm is any longer visible, 

whereas the signal at 27 ppm appears very low in intensity. The latter finding is consistent with 

the fact that in the relevant linker chains only a minority of carbon atoms is not bound to a 

nitrogen atom. Along with a qualitative confirmation of the presence of the βCD scaffold and 

the linker chain, the 13C{1H} CP-MAS NMR technique can afford semi-quantitative 

information as well. As a matter of fact, under the hypothesis that cross-polarization effects 

work homogeneously for all the carbon atoms present in the sample, in principle integration 

analysis of the signals might be performed.227,228 The peaks integrals for the four spectra, 

obtained by taking the signal of the anomeric C(1) as the reference standard, are collected in 

Table 5.1. 

Table 5.1 – NMR data for ACNs. 

  Signal integration 

Attribution ppm ACN1 ACN2 ACN3 ACN4 

CCD(1) 103 1 1 1 1 

CCD(4)+CCD(2,3,5) 84, 73 4.14 4.40 4.00 4.17 

CCD(6)+Clinker,N
a 50, 41 1.30 1.63 2.09 2.00 

Clinker,c
b 27 2.34 3.85 0.71 0.36 

aC of the linker chain bound to N atom. bC of a linker chain not bound to a N atom 

As long as the signals relevant to the CD scaffold are cumulative considered, agreement 

between the expected integral values and the ones found is satisfactory (a 10% deviation is 

found only for ACN4). Integration of the signals of the linkers afforded more problematic 
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results. For materials ACN3 and ACN4 constituted with the diamine linkers we can cumulate 

that, if each glucose moiety of a given βCD subunit would bind a different linker chain, then 

integration values of 2.0 and 3.0 respectively, should be expected for the signal at 27 ppm. 

Experimental values are larger than these upper limits, indicating that for the relevant –CH2– 

groups cross-polarization effects work much more effectively as compared to the methine 

groups of the βCD.229 For materials ACN1 and ACN2 a reliable integration of the signal at 27 

ppm is made difficult by their low intensity. On the other hand, cumulative integration of the 

signals at 50 and 41 ppm renders values that are lower than the relevant theoretical upper limits 

(i.e. 3.5 for ACN1, 4 for ACN2 and 2 for ACN3 and ACN4). This finding suggest that the 

unfavorable outcome of proximate quadrupolar nuclei such as 14N to the transmission of cross-

polarization effects,230 compensates the peculiar enhancement of –CH2– groups. Then, by 

simple algebraic passages, relevant data allowed to estimate an average number of polyamine 

linkers per βCD subunit (�̃�) as large as 3.0 ± 0.3 for ACN1, 2.3 ± 0.2 for ACN2, 2.1 ± 0.2 for 

ACN3 and 4.4 ± 0.5 for ACN4.  

 

5.2.3 – Potentiometric titration of ACNs 

In order to get an independent quantitative estimation of the average number (�̃�) of linkers per 

βCD subunit in the polymers, as well as to evaluate the general abilities of the materials as 

proton acceptors, potentiometric titration was exploited. This approach is formally analogous 

to the one used for the characterization of the amCD starting materials. A typical titration curve 

is depicted in Figure 5.4.  

 
Figure 5.4 – Typical titration curve of ACNs. 
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By analogy with amCDs, and confirmed by titration experiment, ACN materials are isolated 

as partial hydrobromides as well. Moreover, even in this case the experimental titration curves 

obtained resulted comparable to those of amCDs, namely a mixture of a certain number of 

independent virtual weak bases in the presence of an excess strong acid. With a main equivalent 

point relevant to the neutralization of the excess strong acids, and a region corresponding to the 

neutralization of the ammonium groups present in the polymer network. Then, data were treated 

by means of the previously reported fitting equation considering a three weak bases model. The 

same characterization parameters are summarized in table 5.2 

Table 5.2 – Analytical data for ACNs. 

 ACN1 ACN2 ACN3 ACN4 

ñ    

x    

FW    

B1 χB1    

pKB1H+    

B2 χB2    

pKB2H+    

B3 χB3    

pKB3H+    

Rt    

Rr    

 

It is possible to notice that �̃� values obtained from titration curves are consistent with those 

estimated by NMR (for material ACN4 the slight disagreement found probably depends on the 

overestimation of the cumulative integral for the signals at 84 and 73 ppm mentioned 

previously). Of course, because each linker binds two different βCD subunits, the actual 

average number of polyamine chains linked to a single βCD is 2�̃�. Moreover, by using the data 

reported in Table 5.2 an average formula weight (FW) was calculated, and a real 

amCD/BrβCD mol/mol combination ratio (Rr) for each material. The latter one, in turn, can 

be compared with the mol/mol ratio (Rt) used in performing the reaction. For all the materials 

Rr values are lower than the corresponding Rt values. This implies that a significant fraction 

of the amCD used in the synthesis does not react with the BrβCD; therefore, it does not 

participate in constituting the polymer network and is lost during work-up. The amount of 

unreacted amCD ranges between 33% (amCD2) and 47% (amCD6). The particularly low Rr 

value found for material ACN4 is probably due to the fact that the amCD7 reactant carries a 

certain amount of unbound diamine, which contributes to the overall reaction. Based on the 

amount of BrβCD used for the synthesis, calculated reaction yields resulted almost quantitative, 
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being affected by unavoidable losses involved in the isolation procedures. It is also worth 

stressing that Rr values seem to increase on increasing the number of nitrogen atoms per 

polyamine linker unit, these observations can be rationalized assuming that a single amCD unit 

substitutes more than one bromine atom of the same BrβCD unit. It can be reasonably admitted 

that the hyper-reticulated nature itself of the resulting polymer network restricts the actual 

number of BrβCD units that a given amCD can spatially approach to react with. This, of course, 

favors the occurrence of polysubstitution side-reactions. The observed trend of Rr values 

implies that an increase in the overall number of N atoms on the same amCD unit improves its 

ability to approach different BrβCD units at the same time.  

 

5.2.3 - Differential scanning calorimetry and Porosimetry of ACNs 

ACN materials were studied by means of differential scanning calorimetry (DSC) and 

Porosimetry. The DSC analysis, provides with information regarding the thermal stability of 

the materials. The DSC curves for BrβCD, amCD3 and the relevant product ACN2 are 

depicted in Figure 5.5 as a representative examples. All samples show complete degradation on 

heating, because the curves are not reversible, and at the end of the experiment carbonized 

residues are always found. 

 
Figure 5.5 – DSC curves for BrβCD, amCD3 and ACN2. 

 

The BrβCD shows a peculiar trend with three exothermic peaks at 206, 210 and 223 °C, 

comprised between two endothermic spikes at 205 and 224 °C. On the other hand, free amCDs 

and ACNs show very similarly shaped curves, with a first tiny endothermic peak at ca. 200 °C, 

followed by a large exothermic peak between 240 and 280 °C, and finally a third significant 

endothermic peak between 250 and 310 °C. Data are summarized in Table 5.3. 
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Table 5.3 – DSC data for ACNs. 

 
1st peak (°C) 

endothermic 

2nd peak (°C) 

exothermic 

3rd peak (°C) 

endothermic 

amCD2 194 n.d 262 

amCD3 208 277 298 

amCD6 194 270 287 

amCD7 198 280 295 

ACN1 199 240 255 

ACN2 198 249 271 

ACN3 206 234 268 

ACN4 nd 244-249 308 

 

According to literature,231 BrβCD decomposes on melting at ca. 220–223 °C. So, the 

exothermic peaks in its peculiar DSC curve may account for some amorphous–christalline 

transitions, before thermal decomposition at 224 °C. Data in table 5.3 indicate that, in general, 

the polymers are less stable as compared to the relevant amCDs. The first tiny endothermic 

peak in the curves might be attributed to a first melting process, although loss of HBr cannot 

be a priori excluded. Then, the broad exothermic peak could be ascribable to an amorphous–

crystalline transition, which is finally followed by thermal degradation. Noticeably, a somehow 

similar behavior has been observed for composites in which an endothermic melting is followed 

by an exothermic crystallization and hence by the melting of the new structure.232 As the 

mobility of portion of the molecules is increased in the molten state, an imperfect crystallization 

could occur, as observed in particular for biopolyamides. Higher melting point can account for 

the occurrence of extensive hydrogen bonding, which affects the order of microchains in the 

molten state.233 

On passing to the Porosimetric characterization, it was found out that good quality N2 

adsorption/release isotherms were very difficult to obtain, because of the proximity of obtained 

values to the lowest limit of instrumental sensitivity. Only in the cases of materials ACN1 and 

ACN4, it was possible to obtain reasonable results. Average surface areas were determined by 

applying the standard BET method,234 whereas by applying the BJH method235 average pore 

diameter and the total pore volume were obtained. Relevant data are reported in table 5.4 

Table 5.4 – Porosimetric data for ACNs. 

 Average surface area 

(m2 g-1) 

Average pore diameter 

(nm) 

Total pore volume 

(mm3 g-1) 

ACN1 0.70 ± 0.07 3.9 ± 0.4 9.1 ± 0.9 

ACN4 0.73 ± 0.07 3.1 ± 0.3 5.3 ± 0.5 

 

These results show that ACN materials have a quite compact structure. Considering that the 

average diameter of the βCD subunits is as large as 0.6 nm, pores have on average the size of 

a small cluster of subunits. However, this compact structure can be easily permeated by an 
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aqueous solvent because potentiometric titrations were easy to perform and reproducible. 

Therefore, the materials maintain a hydrophilic character, due to the nature of both the CDs 

scaffold and the polyamine linkers. 

 

5.2.4 - Adsorption/sequestration abilities of ACNs 

In order to investigate the adsorption/sequestration abilities of ACNs, at different pH values, a 

set of diversely structured guests (1-11, Figure 5.6) was considered. Noticeably this set 

comprises some p-nitroaniline derivatives35,37,228 (1-7) and some large-sized dyes (8-9) and 

nutraceutic (10-11) molecules. The former ones were chosen to compare the results with the 

binding constants reported in literature for their complexation in native βCD; the latter ones 

were selected because of their size and shape, in order to verify possible drawbacks due to the 

low porosity of the materials. 

In general, a weighed amount of each material was added to a given volume of a stock solution 

of the guest, buffered at the desired pH value, and the sample was mechanically shaken for 90 

min. Then, the suspension was centrifuged and the supernatant analysed spectrophoto-

metrically, to obtain the percent amount of guest sequestered from solution. Experiments were 

performed at four different pH values, namely 1.0, 4.4, 6.7 and 10.6, to achieve a different 

protonation status of the ACN materials, and consequently a different average charge, 

according to the titration data (basic sites can be considered unprotonated at pH 10.6, partly 

protonated at pH 6.7 and 4.4, fully protonated at pH 1.0). The complete adsorption data are 

collected in table 5.5. 

 

 
 

Figure 5.6 – Structures of guests 1-11. 
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Table 5.5 – Sequestration data for ACNs. 

  Guest 

Material pH 1 2 3 4 5 6 7 8 9 10 11 

ACN1 

1.0 94 15 6 61 0 9 27 99 4 98 91 

4.4 68 21 13 44 2 10 4 98 5 97 94 

6.7 56 30 25 25 8 16 18 77 8 83 89 

10.6 48 23 20 38 22 37 38 52 36 8 30 

ACN2 

1.0 80 9 5 55 0 9 16 56 4 96 93 

4.4 65 22 14 26 0 7 7 98 4 96 92 

6.7 52 25 38 18 8 15 18 53 12 97 87 

10.6 31 39 39 45 29 44 39 37 22 4 29 

ACN3 

1.0 94 22 61 75 6 30 20 78 2 94 88 

4.4 89 30 55 71 0 21 19 81 4 92 93 

6.7 85 45 42 58 19 37 39 91 7 87 91 

10.6 81 51 33 42 30 50 51 35 45 1 18 

ACN4 

1.0 88 12 5 55 0 5 9 93 4 99 94 

4.4 83 18 9 53 0 8 8 94 6 99 99 

6.7 76 26 13 38 6 15 17 98 5 98 97 

10.6 70 34 29 33 20 29 34 37 48 12 8 

 

The sequestration abilities of the polymers show very large variations depending on the nature 

of guest, on the pH and on the material considered. Comparison between different materials, 

under homologous conditions, show in general poor correlation. Considered on the whole, the 

adsorption data confirm that the materials are pH responsive as expected according to the 

behaviour of amCDs described in Chapter 3. Of course, the response of the materials to pH 

variations changes depending on the particular guest considered. For the cationic guests 5, 6, 7 

and 9, for instance, the protonated materials are by far worse adsorbents, whereas the opposite 

is observed with anionic or ionizable guests 2, 8, 10 and 11. The neutral guest 1 is sequestered 

quite efficiently in particular by materials ACN3 and ACN4, whose aliphatic linkers are less 

hydrophilic, whereas less effective adsorption is observed by materials ACN1 and ACN2 

bearing more hydrophilic polyamine linkers. Moreover, 1 is more favorably adsorbed by the 

fully protonated materials at pH 1.0, in striking disagreement with the behaviour observed in 

solution for amCDs. Considering the hypothesis that worse inclusion is due to entropically 

unfavorable stiffening effects, as previously discussed data for 1 suggest; that a similar effect 

cannot efficiently work in the already stiff hyper-reticulated structure of the polymer. Therefore, 

absorption in the polymer network is ultimately favored by the occurrence of stronger polar 

interactions. On passing to the other p-nitroaniline derivatives 2-7, worse absorption with 

respect the parent 1 is observed in most cases, regardless of the size and features of the ancillary 

chain present on the molecule. The absorption of neutral guests 2 and 3 is generally disfavored 

on decreasing the pH (with the only exception of 3 with ACN3), in agreement with the 

behaviour of aminocyclodextrins in solution.35,98 For charged guests, electrostatic interactions 

seem to play a paramount role. The carboxylic acid derivative 4 shows the best adsorptions at 
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pH 1.0, and a regular decrease with ACN3 and ACN4, whereas pass through a minimum with 

ACN1 and ACN2. Probably, in the latter two cases the accommodation of the guest into the 

βCD cavities is disfavored by the occurrence of effective hydrogen bonding and Coulomb 

interactions between the carboxylate group and the ammonium groups of the polyamine linkers 

occurring at intermediate pH values. Because these interactions are lost as the polymer becomes 

completely deprotonated, then sequestration abilities pass through a minimum. The adsorptions 

of the alkylammonium cations 5 and 6 regularly decrease on decreasing the pH with all the 

materials. The same trend is found with the imidazolium cation 7 in the presence of ACN3 and 

ACN4, whereas non-monotonic trends are found with ACN1 and ACN2. The anomalous 

behaviour of 7 could be due to the presence of tosylate counter-anion, admitting a concomitant 

strong interaction between the aromatic anion and the polymer at low pH. The behaviour of 

large guests 8-11, show that sequestration is not affected by molecular size. In particular, if we 

consider Bromochresol Green 8, Quercetine 10 and Silibinine 11, under the various conditions 

used, these large molecules are sequestered as well as or even much more efficiently than the 

smallest p-nitroaniline 1 in 35 cases out of 48. More in detail, 8 (which turns from a neutral to 

a largely delocalized anionic form at around pH 4.8) shows bell-shaped trends. Therefore, the 

best adsorption conditions occur when the anionic form interacts with the polymer in its cationic 

form. Nutraceuticals 10 and 11 are almost quantitatively sequestered by all the materials under 

acidic or nearly neutral pH, whereas a dramatic decrease occur under alkaline conditions, 

because the molecule becomes a much more hydrophilic anion. Considered on the whole, these 

data indicate that adsorption/sequestration abilities of ACN materials cannot be compared with 

the binding abilities of amCDs in solution. It is worth recalling here that the latter ones are 

finely regulated by the induced-fit effect.33,35,37,40,100,101 However, because ACN have a stiff and 

poorly solvated structure, induced fit cannot work.  

In order to get a deeper understanding of the behaviour of ACNs, it seemed interesting to 

investigate more in detail the possible actual location of a guest inside the polymer lattice. For 

this purpose, two composites were prepared by adsorbing guests 2 and 10 into material ACN1. 

The composites were easily obtained (see Experimental section) by equilibrating the polymer 

with a suitable amount of the guests for a sufficiently long time. Loadings were determined by 

extracting the included guest, and resulted as large as 11% w/w for the 2-ACN1 composite, and 

5% w/w for the 10-ACN1 one. On the grounds of trivial stoichiometric calculations, it can be 

easily shown that loading for 2-ACN1 corresponds to an almost complete occupancy of the 

cyclodextrin cavities present in the material, whereas for 10-ACN1 occupancy is ca. 30%. The 

composites obtained were subsequently used to perform solid state 2D (1H-13C) heteronuclear 
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dipolar correlation NMR experiments, using the frequency-switched Lee-Goldburg 

homonuclear decoupling sequence (FSLG). This technique enables to detect through-space H–

C cross-correlations. In this way information comparable to the ROESY spectra in solution can 

be obtained. The 1D CP-MAS and a low-magnification 2D FSLG spectrum of the composite 

2-ACN1 and 10-ACN1 are shown in Figure 5.7. 

 

 
Figure 5.7 – 2D-FSLG spectra of composites 2-ACN1 and 10-ACN1. 

 

The 1D spectrum of the 2-ACN1 composite clearly shows the presence of low intensity peaks 

at 111.5, 128.1, 135.7 and 153.5 ppm relevant to aromatic carbon atoms, due to the guest 

together with significant enhancement of the signals of the high-field aliphatic carbons. The 2D 

correlation spectrum, shows three cross-peaks at δH = 7.82 ppm and δC = 73.7 ppm, at δH = 7.75 

ppm and δC = 84.7 and at δH = 7.68 ppm and δC = 104.2, which account for the spatial proximity, 

between the aromatic hydrogen atoms of the guest and the CD carbons. This finding, together 

with the simultaneous lack of any intense cross-peak between the same hydrogens and the 

carbon atoms of the linker units, provides unambiguous evidence that the aromatic moiety of 2 

is stably included into the βCD subunits, and does not reside in the nanochannels of the 

polymer. It is worth noting, indeed, that the first cross-peak is by far more intense, in agreement 

with the fact that the C(3) and C(5) CD atoms result closer in the space to the guest, with respect 

to the C(1) and C(4) atoms. High-magnification of the 2D spectrum even allows to find weak 

cross-peaks at δH = 5.0 ppm and δC = 112.2 ppm and at δH = 4.9 ppm and δC = 127.5 ppm, 

which can be attributed to the interaction between the aromatic C atoms of the guest and the 

inner-cavity H(3) of the CD. On passing to the composite 10-ACN1, also in this case the signals 

2-ACN1 10-ACN1 
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relevant to the guest can be easily recognized in the 1D spectrum, despite the lower loading. In 

particular, a system of tiny signals between 113 and 126 ppm is relevant to carbons of the 

pyrocatechine-like moiety. Other signals are constituted by a second cluster between 135 and 

145 ppm, and three signals at ca. 158, 162 and 176 ppm, together with a shoulder at ca. 95 ppm. 

The 2D spectrum shows two correlation peaks at δH = 8.1 ppm and δC = 73.6 ppm and at δH = 

7.6 ppm and δC = 103.6 ppm, which suggest a spatial proximity between the pirocatechine-like 

moiety of the guest and the CD cavity. This seems confirmed by a weak cross-correlation peak, 

again apparent only at large magnification, at δH = 5.3 ppm and δC = 116.9 ppm. Therefore, 

these findings provide evidence that the guest is only partly included in the CD subunits, 

whereas the chromone-like moiety resides out of the cavity, in the nanochannels region. 

Noticeably, no interaction seems apparent from the 2D spectrum between this moiety and the 

linker carbons, indicating a certain degree of mobility. Whole considered, these evidences seem 

to support the ideas exposed in discussing the sequestration data. Indeed, inclusion of p-

nitroanilines suffers for the intrinsic rigidity of the βCD subunits, because these guests 

specifically interact with them (Figure 5.8). On the other hand, in the case of large guests, only 

part of the molecule can get into the host residues, whereas the largest part resides in the 

nanochannels, interacting only marginally with the linker chains. 

 

 

Figure 5.8 – Pictorial representation of the sequestration equilibrium for ACNs. 
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5.3 – Experimental section 

Synthesis of materials ACN1-ACN4. 

The BrβCD (225.0 mg, 142.8 moles) and the proper amounts of amCD (see hereinafter) were 

carefully mixed in a mortar, and the mixture was transferred in a vial. Then, DMSO (250 L) 

was added and, after the blend had become homogeneous, the vial was placed in an oil bath at 

60 °C for 48 h. The brown gummy product was rapidly kept off, placed in a small beaker with 

10 mL of water and mechanically disgregated. The solid was allowed to settle for a few minutes 

and collected by centrifugation. Then, 10 mL of methanol were added; the system was sonicated 

for 10 min and centrifugated to collect the solid. The product was subjected to two other similar 

washings with methanol and a further final washing with diethyl ether. Finally, it was grinded 

in a mortar, passed through a 150 m sieve and dried under vacuum overnight at 50 °C. ACN1: 

from 390.5 mg of amCD2 (172.0 moles) were obtained, yield 540.2 mg; ACN2: from 495.8 

mg of amCD3 (222.3 moles) were obtained, yield 657.0 mg; ACN3: from 364.8 mg of 

amCD6 (181.5 moles) were obtained, yield 320.1 mg; ACN4: from 330.8 mg of amCD7 

(134.5 moles) were obtained, yield 354.9 mg. 

Synthesis of guest 5 

The [2-(p-nitrophenyl)-aminoethyl]-dimethylamine40 (1.09 g, 5.2 mmoles) and iodomethane 

(1.25 mL, 2.84 g, 20 mmoles) were dissolved in acetonitrile (10 mL) and solid K2CO3 (2.0 g) 

was added. The mixture was stirred for 24 h at room temperature. Then the solid crude was 

filtered off and crystallized from methanol. Yield 1.31 g (62 %). m.f. 206-208 °C. IR (nujol):  

3424, 3193, 3173, 1596 cm-1. 1H-NMR (D2O) δ(ppm): 4.92 (s,1H,-NH-), 5.19, 5.41 (2t, 2H+2H, 

-CH2CH2-, J = 6.4 Hz), 6.34 (s, 9 H, -CH3), 8.30 e 9.68 (2d, 2H+2H, ArH, J = 8.6 Hz). High-

resolution ESI-MS (m/z): 224.1391 [C11H18N3O2]
+ (calcd. 224.1399). 

Synthesis of guest 6 

To p-nitro-fluorobenzene (1.6 mL, 2.12 g, 15 mmoli) dissolved in DMSO (15 mL) bis-N,N-(3-

amino-propyl)-methyl-amine (7.5 mL, 6.1 g, 60 mmoles) was added and the mixture was kept 

under stirring at r.t. for 3 days. Then the mixture was poured into water (200 mL), acidified 

with conc. HCl (up to pH ca. 2) and washed with ethyl acetate. The aqueous layer was treated 

with NaOH (up to pH ca. 12) and repeatedly extracted with ethyl acetate. The collected organic 

extracts were dried on Na2SO4 and distilled under reduced pressure. The collected product was 

constituted by N1-(3-aminopropyl)-N1-methyl-N3-(p-nitro-phenyl)propane-1,3-diamine at a 

satisfactory degree of purity. Yield 2.76 g (82 %). m.p. 52-54 °C. IR (nujol):  3541, 3239, 3173, 

1605, 1466, 1298 cm-1; 1H-NMR (DMSO-d6) δ (ppm): 1.54 (m, 2H, -CH2-CH2-CH2-), 1.71 (m, 
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2H, -CH2-CH2-CH2-), 2.10 (s, 3H, -CH3), 2.30-2.43 (m, 4H, >NCH2-), 2.56 (t, 2H, >NCH2-, J 

= 7.2 Hz), 3.15 (t, 2 H, >NCH2-, J = 6.8 Hz), 6.54 e 7.96 (2d, 2H+2H, ArH, J = 7.5 Hz). This 

intermediate product (1.33 g, 5 mmoles) was then dissolved in acetonitrile (10 mL); 

iodomethane (3 mL, 6.84 g, 48 mmoles) and solid K2CO3 (1.5 g) were added, and the mixture 

was stirred at r.t. for 24 h. The final crude product was filtered off and crystallized from 

methanol. Yield 2.25 g (78 %). m.p. 207-210 °C. IR (nujol):  3421, 3238, 1594 cm-1. 1H-NMR 

(DMSO-d6) δ (ppm): 1.94-2.04 (m, 4H, 2 -CH2-CH2-CH2-), 3.08 (s, 9H, (CH3)3)N
+-, 3.26 (br 

t, 2H -CH2-N
+≡), 3.36 (s, 6H, -(CH3)2N

+-), 3.37-3.43 (m, 6H -CH2-N
+≡), 6.70 e 8.02 (2d, 

2H+2H, ArH, J = 7.5 Hz), 7.37 (br s, 1H, -NH-). High-resolution ESI-MS (m/z): 162.1259 

[C17H32N4O2]
2+ (calcd. 162.1257). 

 

Characterization of materials ACN1-ACN4 

Titrations of ACNs. - A carefully weighed amount (ca. 40 mg) of substance was placed in a 

jacketed vessel thermostated at 25 °C, wetted with 1 mL of methanol, and then suspended with 

10 mL of double-distilled water and 4mL of a standard HCl 0.1 M. The suspension was 

degassed by bubbling a fine stream of Ar for 15 min and titrated with a standard NaOH 1 M 

solution as described above. 

Porosimetry - For porosimetric determinations, N2 absorption-desorption isotherms were 

registered at 77 K using a Quantachrome Nova 2200 Multi-Station High Speed Gas Sorption 

Analyzer. Samples of the materials were outgassed for 24 h at room temperature in the degas 

station. Adsorbed nitrogen volumes were normalized to the standard temperature and pressure. 

The specific surface area (SBET) was calculated according to the standard BET method110 in the 

relative absorption pressure (P/P0) range from 0.045 to 0.250. The total pore volume (Vt) was 

obtained from the nitrogen amount adsorbed in correspondence of P/P0 = 0.99. The diameter 

size (dBJH) was calculated by the BJH method.111 

Differential Scanning Calorimetry - DSC measurements were performed on a DSC Q20 TA 

Instruments apparatus. For each determination, 0.5 mg of sample were weighed in a small 

aluminium pan; a heating ramp of 10°/min was used. 

Solid-state NMR - CP-MAS (and LFSE as well) NMR spectra were acquired using a Bruker 

Avance II 400 MHz instrument, equipped with a 15 kHz rotating MAS probe. 

 

Adsorption/sequestration tests  

Stock solutions 50 M of the different guests were prepared in aqueous buffers at the desired 

pH values. Samples were prepared by mixing 2 mL of guest solution with a carefully weighted 
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amount (4.00 ± 0.05 mg) of material. The samples were mechanically shaken at room 

temperature for 60 min, and then centrifuged for 15 min. The supernatant liquor was carefully 

pipetted and analysed spectrophotometrically to determine the percent amount of guest left in 

solution at equilibrium. 

 

Preparation of composites 2-ACN1 and 10-ACN1 

The material ACN1 (60 mg) was placed in a little beaker, wetted with 1 mL of methanol and 

suspended with 20 mL of an aqueous acetate buffer solution at pH 4.4. At the same time, the 

chosen guest (12 mg) was dissolved with 1 mL of a DMSO/methanol mixture 1:1 v/v, and the 

solution was transferred into a microsyringe. Then, the guest solution was slowly added (at the 

rate of 5 L/min) under vigorous stirring into the suspension of the polymer. After the addition 

was completed, the suspension was further kept under stirring overnight. The solid was then 

collected by centrifugation, filtered off under vacuum, washed with 3 portions (1 mL each) of 

cold methanol, and finally dried under vacuum at 50 °C overnight. In order to determine the 

amount of guest present in the composite, an accurately weighted amount (ca. 2 mg) of 

composite was placed in a vial, suspended with 1 mL of methanol, and sonicated for 10 min. 

The vial was then subjected to centrifugation, and the supernatant liquor was carefully pipetted. 

The procedure was repeated 4 further times, and the collected methanolic extracts were diluted 

with acetate aqueous buffer (pH 4.4) up to 20 mL. The concentration of the resulting solution 

was easily determined spectrophotometrically; thus, the amount of guest present in the 

composite was calculated by few trivial passages, resulting as large as 11 % w/w for 2-ACN1 

and 5 % for 10-ACN1. 
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- 6 - 

POLYAMINOCYCLODEXTRIN-COATED 

NANOPARTICLES AS CATALYSTS FOR 

ORGANIC REACTIONS 
 

 

 

6.1 – Nanomaterials and Metal Nanoparticles 

Nanostructured materials, including nanoparticles, nanomachines, carbon nanoforms, and 

quantum dots, are the main actors of the most fascinating and appealing field of 

nanotechnology,236-241 which has experienced an exponential growth in scientific production 

during the last decades. The potential applications of nanotechnologies are virtually limitless. 

During the last half century, since Richard Feynman started the nano-revolution with its 

prophetic speech "There’s Plenty of Room at the Bottom",242 they have become highly 

multidisciplinary taking advantage from diverse scientific disciplines, including applied 

physics, materials science, chemistry, biology, medicine, electronics and engineering. This 

allowed the application of nanomaterials in contexts such as sensors, optoelectronics, 

biomedicine, imaging, light-energy conversion, catalysis, and so on.243-250 

What makes nanomaterials so fascinating is their peculiar characteristic to assume different 

behaviors depending on their size,251,252 thus presenting properties that are someway 

intermediate between those of the bulk material, and the isolated atoms or molecules. This 

justifies the most widely accepted definition of nanomaterials is that of "materials whose 

properties vary according to their size, or the size of their components".253 This is evidenced 

by the fact that passing from the bulk-phase material to the nanosized one, a considerable 

increase of the surface-volume ratio occurs. Therefore, the atoms or molecules on the surface 

represent a significant fraction of the entire mass. Consequently, unexpected new behaviours 

appear, often of quantum nature, and that in some cases are significantly different as compared 

to the original material. For instance, in the case of nanoparticles of noble metals such as Au, 

Ag, Pt, Pd, Cu, it is observed that the redox potentials changes and becomes less positive as 
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compared with the corresponding bulk metals.253 Accordingly, the noble metals in the 

nanoparticle form tend to be oxidized more easily. 

Another peculiar feature of metals in nanoparticle form is the appearance of very intense 

coloration owing to the ability of absorbing radiation in the visible region of the electromagnetic 

spectrum, a phenomenon known as "Localized Surface Plasmon Resonance" (LSPR).254-258 

This is due to the collective oscillation of the conduction electrons ("surface plasmon"), 

confined on the surface of the metal nanoparticles, when excited with a suitable electromagnetic 

radiation. Absorption occurs when the frequency of the incident light is in resonance with the 

collective oscillation of the conduction electrons, resulting in unique optical properties. 

Consequently, is necessary that the light possesses a well-defined wavelength; thereby the 

oscillating electric field of the incident light radiation causes the coherent oscillation of the 

conduction electrons (Figure 6.1).  

 

 

Figure 6.1 – Pictorial representation of LPRS. 

 

The shape of the absorption band, the λmax and the molar extinction coefficient ɛ depend on the 

type of metal, the dielectric constant of the solvent medium, the electronic interaction of the 

nanoparticle with the molecular species surrounding it (see later), and finally the size, shape 

and polydispersity of the nanoparticles259 as rationalized by Mie.260 As a general role, the bigger 

the nanoparticles, the higher its absorption wavelength.261,262 

The bright color of gold and silver nanoparticle has been widely used throughout history to 

produce decorative items, such as the famous Lycurgus cup (Figure 6.2), a Roman goblet glass 

dating from the fourth century A.D. that appears green in reflected light, but red if illuminated 

from within. The coloration is due to the presence of a mixture of Au-Ag particles of about 70 

nm in diameter, embedded in the glass. 



73 

 

 

Figure 6.2 – The Lycurgus cup. 

 

In addition to decorative purpose and for the production of special optical filters, an important 

application of the surface plasmon resonance regards the oncology diagnosis and therapy.263 

The excitation of Au and Ag nanoparticles plasmonic surface results in a strong 

absorption/scattering and in the appearance of a localized electric field around the metal 

particles.261 Particles having a marked scattering component of the whole absorption (which 

generally increases as the size of the nanoparticles increases), are used in the imaging 

diagnostic. On the other hand, particles that have a high absorption, as the nanoparticles of Au 

(AuNPs), efficiently convert the absorbed light to localized heat. As a matter of fact, the light 

electric field interacting with AuNPs drives the motion of mobile electrons inside AuNPs, 

which in turn convert the energy gained into heat. Then particles can be used for the targeted 

photothermal destruction of cancer cells.264 

The study of nanomaterials, and especially the one of nanoparticles (which are undoubtedly the 

field of nanochemistry most widely studied and characterized) has to cope with the crucial 

problem, of their synthesis. This is accomplished by two main routes, namely the “top-down” 

and the “bottom-up” approaches.265,266 In the first case one starts from the massive material and 

gradually reduce its size, by physical disintegration, in order to reach the required particle size; 

in the second case one starts from small atomic or molecular components and tries to assemble 

them up to the desired size and structure. For example, in the case of metal nanoparticles this 

can be obtained by reducing a salt of the metal cation in the presence of a stabilizing agent. 

The synthesis of nanoparticle systems should satisfy two particular requirements. The first one 

is obtaining systems with the lowest degree of particle size polydispersity; the second one is 

obtaining systems stable for long periods of time. Indeed, considering their nature, metals in 

nanoparticle form, are inherently unstable, since atoms present on the particle surface possess 
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higher free energy than those present within the particle. This makes the whole system 

thermodynamically unstable, so that the particles tend to coalesce, forming aggregates of 

gradually increasing dimensions, finally resulting in a bulk-like material. This processes is 

known as the “Ostwald ripening”.267 In order to avoid this, it is necessary that the synthesis of 

the nanoparticles (at least in a bottom-up procedure) occurs in confined spaces, which provide 

both a dimensional control of the particles during the growing phase, as well as the protection 

and isolation of these preventing the aggregation. In other words, it is necessary to "dress" the 

nanoparticles by the use of "coating" or "capping" agents. These agents are suitable molecules 

capable of stabilizing the nanoparticles, binding them on their surface by means of either 

covalent or supramolecular interactions, thereby avoiding their mutual contact. In the case of 

the formation of metallic nanoparticles obtained by reduction of the corresponding salts, 

commonly used capping agents are donor amphiphilic organic molecules, such as 

surfactants,268,269 thiols (widely used for the synthesis of gold nanoparticles),270-272 amines and 

polyamines,273,274 long-chain fat acids,275 low molecular weight polymers276 as well as ionic 

liquids.277,278 

In the last few years several studies on the use of a new class of molecules, namely dendrimers, 

have appeared, proving the advantages of the use of these molecules as capping agents. 

Dendrimers are highly branched polymeric macromolecules built around a central nucleus, 

from which branch out a number of arms exponentially related to the dendrimer generation.49,279 

Unlike polymers, they are characterized by a high degree of monodispersity. This feature, 

together with the ability to assume a globular structure over a number of generations and then 

behave like “molecular boxes”,280 makes them suitable capping agents for the synthesis of metal 

nanoparticles. This is particularly true in the case of dendrimers which contain heteroatoms as 

in PAMAM (polyamidoamine) or PPI (polypropyleneimine) derivatives76,85,281,282 (Figure 6.3). 

 

Figure 6.3 – Structures of PAMAM and PPI dendrimers. 
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The synthesis of metal nanoparticles, by chemical reduction of the corresponding salt in 

presence of these kind dendrimers relies on the prior complexation on the metal ions on the 

donor sites present in the dendrimer structure. Then after reduction, has occurred, the same 

donor groups provide suitable protection of the nanosized metal.87 (Figure 6.4). 

 

Figure 6.4 – Mechanism of nanoparticle formation with dendrimers. 

 

Indeed, it is possible define such systems as “nano-reactors”,283 because they offer an effective 

dimensional control on the average size of the nanoparticles (which can be modulated by using 

appropriate dendrimer generations), and also allow the uniformity of the size particle as a 

reflection of the low degree of polydispersity of dendrimers. Taking advantage from the 

progress in the synthesis and stabilization of metal nanoparticles, in particular if obtained in the 

presence of dendrimeric materials, it was made possible their use in the strategical sector of 

catalysis.85,284 

 

6.2 - Metal Nanoparticles in Catalysis 

6.2.1 – Generalities 

Many chemical processes, both for the production of commodities and fine chemicals, require 

catalytic stages, which can be heterogeneous285 or homogeneous286 depending on the particular 

circumstances. The two types of catalysis possess their own advantages and disadvantages. In 

the case of heterogeneous catalysis the main advantage is the easy removal of the catalyst from 

the reaction mixture, as well as the possibility to work at high temperatures provided that the 

catalyst has a high thermal stability (metal or metal oxide) in bulk phase. Between the main 

disadvantages, there are the lack of selectivity and a low efficiency in comparison with the 

relevant counterpart in homogeneous phase. Regarding homogeneous catalysis, the situation is 

in principle reversed: it benefits from high efficiency (owing to a reactivity ratio 1:1) and 

selectivity, but has the drawback of an uneasy removal of the catalyst from the reaction mixture, 

and of limited thermal stability of the catalyst itself. Nanoparticle systems used as catalysts, are 

matter of factly placed on the border region heterogeneous and homogeneous catalysis. Indeed, 
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on one side they maintain the features of heterogeneous catalysts, because the reaction occurs 

on the surface of the particles. Moreover, because to the nanoscale size of the particles, the 

catalysis is closer to that in homogeneous phase, thus being characterized by greater efficiency 

and selectivity. Of course, according to the conditions under which the nanoparticles are used, 

it is possible to head towards one or the other kind of catalysis. If the nanoparticles are dispersed 

in a solvent, compatibly with the nature of the capping agent, we will have a homogeneous 

catalysis. Differently if the nanoparticles are fixed onto inert solid supports (silica, alumina, 

zeolite, graphite), then act as heterogeneous catalysts. For these reasons, when nanoparticle 

systems are used this is sometimes referred to as semi-heterogeneous catalysis.287,288 

An example of the use of metallic nanoparticles as heterogeneous catalysts is given by the so-

called trivalent catalytic converter (the "catalytic muffler"). This device is able of converting 

hydrocarbons, CO and nitrogen oxides into CO2, H2O and N2, using the Pt, Pd, Rh and Ir 

nanoparticles dispersed in a high surface area ceramic matrix (cerium oxide, alumina or silica). 

Furthermore, a recent example of heterogeneous catalysis is the use of metal oxides 

nanoparticles to create systems able to mimic the photosynthesis process.289,290 

Regarding to the application of metal nanoparticles as homogeneous/semi-heterogeneous 

catalysts the use of Pd nanoparticle as an effective catalyst for Heck, Stille, Suzuki, Sonogashira 

and Negishi C-C coupling type reactions,288,291-294 as well as for the hydrogenation 

reactions283,295 and reduction of aromatic nitro compounds has been widely investigated. The 

latter reaction can be profitably accomplished also with diversely capped Ag, Au and Pt 

nanocomposites. On the ground of the experience gained during my Master Thesis in 

Chemistry, it seemed appropriate to investigate in detail the possibility to exploit amCD-capped 

metal nanoparticles as catalyst for organic reactions. In particular, I focused my attention on 

the Ag-catalyzed reduction of nitroarenes with borohydride and on the Pd-catalyzed Suzuky C-

C bond formation reaction.  

 

6.2.2 – The reduction of aromatic nitrocompounds 

Nitroarenes, are a class of important reaction intermediates in organic synthesis, especially from 

on industrial point of view, because of the easy introduction of nitro group on the aromatic 

system, and the subsequent possibility to convert it upon reduction into different products, 

depending on the reaction conditions and the reducing agent used (Scheme 6.1).296 The 

nitrobenzene reduction products are valuable synthetic intermediates for the synthesis of other 

chemicals, particularly anilines, which constitute the starting materials for the synthesis of 

diazonium and isocyanates, used in the production of dyes, additives for rubbers, 
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pharmaceuticals, herbicides and so on. As shown in the figure reported above, there are 

basically three main ways to obtain the corresponding aniline from nitrobenzene, namely: i) 

reduction with metals in highly acidic environment; ii) by catalytic hydrogenation; iii) with 

strong hydride donors such as LiAlH4. The first two are the main methods used at the industrial 

level, being characterized by high efficiency and low costs. Nevertheless, they have some 

drawbacks: in the first case operating under drastic acidic conditions unsuitable in the presence 

of hydrolysable groups, in the other one requirement of special equipment and operating 

conditions. Finally, in all the three cases there is a low selectivity, which can result in the 

reduction of other groups present on the molecule. For instance, catalytic hydrogenation cannot 

be performed on substrates containing alkene or alkyne groups. 

 

Scheme 6.1 

Returning to the use of LiAlH4, it should be noted that hydride-complexes with a low redox 

potential such as NaBH4 are completely ineffective in conducting the reduction of nitro 

compounds. However, it was observed that metals such as Pd, Pt, Au and Ag in nanoparticle 

form, in the presence of suitable stabilizing agents, are capable of catalyse the reduction of nitro 

compounds such as p-nitrophenol70,75,76,297-302 or p-nitroaniline303,304 using just the NaBH4 as a 

reducing agent, according to the reaction: 

4 ArNO2  +  3 BH4
-  +  4 H2O   →   4 ArNH2  +  3 B(OH)4

- 

Noticeably, several aspects of the reaction mechanism, in particular the actual kinetics, the 

actual role of the catalytic surface and of the hydride donor species and the possible presence 

of an induction period, are still unclear and partly contradictory reports can be found in 

literature. 
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6.2.3 – The Suzuki reaction 

The palladium-catalyzed C-C bond formation reactions, such Heck, Sonogashira, Suzuki-

Miyaura reactions and similar, assume a paramount interest in modern organic synthesis, as 

accounted for by the enormous amount of literature devoted to the topic.291,292 In particular, the 

use of catalysts based on suitably capped Pd nanoparticles (PdNPs) - either free or implemented 

on materials such as polymers, zeolites, supported ionic liquids, carbon nanoforms and so on - 

has some undoubted advantages with respect to the “classical” homogeneous-phase versions 

with soluble Pd(0) complexes, showing improved performances in terms of activity, 

recoverability and reusability of the catalyst.305-309 

Among Pd-catalyzed processes, Suzuki reaction involves the formation of a new C-C bond 

starting from an aryl-boronic acid and an aryl halide in the presence of a base.310-312 A general 

mechanistic scheme is depicted in Scheme 6.2. 

 

Scheme 6.2 
 

The key steps of the catalytic cycle are: i) the oxidative coupling between a Pd(0) species and 

the aryl halide; ii) the subsequent addition of the boronate species by a ligand exchange process 

(transmetallation); iii) the reductive elimination of the product molecule after formation of the 

new C-C bond in the coordination sphere of the metal.313-315 As a general role, the reactivity of 

aryl halides decreases in the order Ar-I > Ar-Br >> Ar-Cl (chlorides are very poorly reactive). 

Of course, the outcome of the reaction depends largely on the conditions and, in the case of 

PdNPs as catalysts, on the nature of the capping agent. However, it has been observed that the 

reaction may require exceptionally small amounts of catalysts (0.1% mole/mole or even less), 

in such a way that the expression “homeopathic catalysis” has been occasionally used.316 
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6.3 - Results and discussion 

6.3.1 – Synthesis and characterization of the AgNP catalysts for nitroarene reduction 

On the grounds of the results acquired in previous works about the ability of amCD to allow 

the synthesis and stabilization of AgNPs synthesis, it was decided to select some of these 

systems and investigate their catalytic properties. In particular, as reaction model it was 

considered the reduction of aromatic nitrocompounds, selecting at this regard 8 different para-

substituted derivatives characterized by different steric and electronic properties (Figure 6.5) 

 

 

Figure 6.5 – Model nitroarenes. 

 

First of all, in order to prepare the amCD capped AgNPs it was chosen amCD1 as capping 

agent. Generally the synthesis can be performed by reacting in the dark a solution of the 

[Ag(NH3)2]
+ complex in the presence of a suitable amount of the auxiliary amCD1, with an 

excess of formaldehyde at 40 °C for 90 min. The formation of the AgNPs is evident by the 

appearance of the typical reddish color due to the characteristic surface plasmon resonance 

(SPR) absorption band. In a series of preliminary experiments it was investigated the effect on 

the NP formation process from changing the concentrations of the reactants and their molar 

ratio, in particular: i) by fixing the [Ag(NH3)2]
+ concentration (1.0 mM) and varying the 

amCD1 (0.4–10.0 mN; the normality of the amCD1 solution is defined according to the 

average number of nitrogen atoms per CD unit); ii) by fixing the amCD1 (2 mN) and varying 

the [Ag(NH3)2]
+ 0.2–5.0 mM); iii) by simultaneously varying both the reactants, while keeping 

constant their equivalent ratio (1:2 eq/eq). The obtained systems were preliminarily 

characterized by UV–vis spectroscopy (results are summarized in Table 6.1). The outcome of 

the NP formation process strictly depends on the [Ag(NH3)2]
+/amCD1 equivalent ratio used. 

Nearly no reaction occurred with ratios larger than 4:1. In the other cases the systems showed 

an absorption band centered at 401 ± 2 nm, the intensity of which regularly increases on 

decreasing the equivalent ratio. Moreover, the same ratio heavily affects the stability of the 

system. Samples obtained with a 1:2 ratio are stable for several weeks, if kept in the dark at 

room temperature. By contrast, systems with a 1:0.4 ratio or prepared with the largest 

[Ag(NH3)2]
+ concentrations, appear cloudy or turbid and form reddish-brown precipitates 
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within few days. Data suggest that NP formation is hampered at the highest [Ag(NH3)2]
+/amCD 

ratios, is partial for the ideal 1:2 value, and becomes almost complete at the lowest ratios. 

Therefore, it seems reasonable to hypothesize that NPs prepared with a 1:2 ratio are constituted 

by a metal core, surrounded by a shell of amCD units complexing a certain amount of Ag+ ions 

by means of their amine donor groups. The presence of a significant positive charge on the NP 

surface ensures the time stability of the system. On the other hand, in systems prepared at 1:0.4 

ratio the NPs formed bear nearly no charge on their surface, and consequently can aggregate or 

coalesce. In order to confirm these hypotheses, the systems were thoroughly investigated and 

chosen as representative NP systems, to be afterwards used as the catalysts for studying the 

nitroarene reduction reaction. These systems, labelled henceforth as Catalysts I and II, were 

prepared at a 1 mM [Ag(NH3)2]
+ concentration, and amCD concentrations of 0.4 mN and 2 

mN, which correspond to amCD/Ag+ mole/mole ratios (ρ) as large as 0.035 and 0.175 

respectively. Moreover, as it will be illustrated more in detail in Section 6.3.2, in order to 

perform the nitroarene reduction reaction Catalysts I and II are subjected to dilution (up to 

1:750 v/v., i.e. 1.33 µM) and subsequent interaction with NaBH4. This causes modifications in 

the structure of the nanocomposite, as it can be evidenced by simple observations. After dilution 

1:1 or 1:9 v/v of the preformed Catalyst II with water, a significant enlargement and decrease 

in intensity of the SPR band centered at 401 nm, and the appearance of a new band at 567 nm 

can be noticed in the normalized UV–vis spectra (Figure 6.6). The corresponding color change 

is apparent even at naked eye.  

Table 6.1.  values for the AgNP systems at the relevant max. 

 Ag+ (mM) 

0.2 0.5 1.0 2.0 5.0 

amCD 

(mN) 

0.4 No reaction  12420   

1.0  4670 10020   

2.0 No reaction No reaction 5540 9240 Turbid 

4.0   440 5060  

10.0   No reaction  Turbid 

 
Figure 6.6 – UV-vis spectra of Catalyst II before and after dilution. 
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The observed behavior accounts for a concomitant change in the polar character and the local 

refractive index of the coordination shell immediately surrounding the metal core.258 It is worth 

stressing that polarity or refractive index variation may in turn be the result of a ligand exchange 

at the NP surface. For example, it has been recently shown that the position of the SPR is 

significantly shifted in presence of halide ions.317,318 

The residual Ag+ possibly present at the NP surface (in particular in the case of Catalyst II) can 

be easily reduced to Ag0 by borohydride ion. As a matter of fact, addition of NaBH4 to a solution 

containing [Ag(NH3)2]
+ and amCD (at the same concentrations as in Catalyst II) 

instantaneously causes the formation of a turbid brown suspension, which precipitates down in 

few minutes.  

For these reasons, together with “as-prepared” Catalysts I and II, we subjected to further 

investigation three control systems, namely two dilutions1:1 and 1:9 v/v of Catalyst II with 

water (indicated as IIdilA and IIdilB respectively), and a mixture 1:1 v/v between Catalyst II 

and a freshly prepared NaBH4 48.0 mM solution (indicated as IIred). In particular, size and 

morphology of the systems were studied by means of transmission electron microscopy (TEM), 

Dynamic Light Scattering (DLS) techniques. For our, it is worth noting that TEM and DLS 

provide with complementary information, because the former one focuses on the metal core 

alone, whereas the latter looks at the entire nanocomposite, including its coating and hydration 

shell, and analyses a more statistically representative sample. TEM micrographs for Catalysts 

I, II and for control systems IIdilB and IIred are shown in Figure 6.7. The pristine Catalysts I 

and II show well defined, quite spherical, individual metal cores with a relatively low 

polydispersity and scarce tendency to aggregation. The AgNPs show also a quite crystalline 

structure with the occasional presence of decahedral-shaped objects. Statistical analysis of TEM 

images indicates unimodal diameter distributions centered at ca. 27 and 19 nm respectively, 

indicating that in the presence of a lesser amount of amCD larger NPs are formed. Therefore, 

trivial calculation suggest that the particles, can be constituted on average by 6·105 or 2·105 

atoms respectively, and have average surface areas of 2300 and 1100 nm2 respectively. Dilution 

seems to cause a fair tendency to aggregation, together with the appearance of a new population 

of small faint objects having an average diameter of ca. 3.6 nm. By contrast, significant 

modifications occur after treatment with NaBH4. TEM images show, along with tendency to 

aggregation, a modification in both the size and the morphology of the pristine metal cores 

together with the formation of new small sized cores. Statistical analysis of images reveals a 

completely different diameter distribution, with a maximum frequency centered at ca. 9.7 nm. 
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Catalyst I   

Catalyst II   

Catalyst IIdilB  

Catalyst IIred   

Figure 6.7 – TEM images of AgNP catalysts. 
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On passing to DLS, data for the system “as-prepared” indicate the presence of smaller 

aggregates with Catalyst I than with Catalyst II, having average diameters as large as 86 and 

149 nm respectively (evaluated by applying the CONTIN method see Experimental section), 

with unimodal distributions. For the control systems IIdilA and IIdilB average diameters of 

149 and 59 nm respectively are found, indicating that dilution (namely 1:9 v/v) causes a large 

size decrease. By contrast, after Catalyst II has been treated with NaBH4, for the system IIred 

the aggregates in suspension grow dramatically in size, with an average value of the diameter 

of 464 nm, and show high polydispersity in agreement with TEM evidence. 

On the ground of simple molecular models, one could estimate that a single amCD unit might 

cover on the NP surface an area approximately comprised between 3 and 7 nm2. (The latter 

estimation is based on the fact that the CD torus alone has an average diameter of 1.54 nm, 

and that the length of a stretched diamine pendant chain can be estimated (MM2) as c.a. 0.8 

nm). Keeping into account the actual composition of the systems, in particular the values of the 

aforementioned amCD/Ag+ mole ratios ρ, TEM evidences implies that only a minor fraction 

(less than 5%) of the amCD present might actually come in direct contact with the metal core. 

Consequently, DLS results may be interpreted that pristine metal cores, formed upon the 

reduction of silver ions with formaldehyde, are surrounded by a thick layer-structured coating, 

constituted by shells of amCD units held together by weak interactions, including the mutual 

inclusion of the polyamine tails into the CD cavities, and by the complexation of residual 

unreacted Ag+ ions with the polyamines. This coating offers both a steric and an electrostatic 

barrier against the aggregation/coalescence of the NPs and, of course, is thicker for Catalyst II, 

prepared with the largest amount of amCD. Dilution of the catalyst progressively dissolving 

these shells and favors formation of new Ag+-amCD microaggregates (the faint objects 

observed in IIdilB), which act as seeds for the formation of new small Ag cores after treatment 

with NaBH4. The latter process may also results in the aggregation of further metal ions on the 

pristine cores, and this modifies their size and shape (as observed in IIred). The concomitant 

exhaustive reduction of Ag+ removes at the same time the electrostatic barrier, and so 

aggregation occurs (Scheme 6.3). 

Confirmation of the composite nature of amCD-AgNP systems was achieved by means of FT-

IR evidence. By subjecting a large amount of Catalyst I to centrifugation, a sample of AgNPs 

was isolated and its IR spectrum (KBr) was recorded (Figure 6.8). 
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Scheme 6.3 

Comparison with the spectrum of free amCD, reveals the presence in the composite of the 

signals expected for the organic capping agent. The original amCD band at 3310 cm−1, 

originated by the superimposition of the OH and NH groups stretching, splits in two bands 

centered at 3470 and 3136 cm−1 respectively. This indicates a neat discrimination between the 

two different groups, reasonably owing to the occurrence of the N-Ag interactions at the NP 

surface. Furthermore, together with the amCD fingerprints at 1153, 1086, 1041 (C-O 

stretching) and 943 cm−1 (OH bending), a new signal appears at 839 cm−1, whereas amCD band 

at 756 cm−1, which can be attributed to N-H wagging disappears. This confirms the occurrence 

of strong N-Ag interactions at the primary CD rim. Finally, the spectrum of the composite 

shows two strong bands at 1456 and 1385 cm−1 due to carbonate ion (superimposed to the 

expected C-H bending bands of the amCD at 1466 and 1368 cm−1), which can be easily 

explained as due to CO2 uptake by the quite alkaline NP solution. 

 

Figure 6.8 – IR spectra of amCD1 and catalyst I. 
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6.3.2 - Kinetic study of the nitroarene reduction 

In order to study the kinetics of the reduction reaction of nitroarenes 1-8 mediated by AgNPs, 

sample systems were prepared in such a way to have initial concentrations of the substrate and 

NaBH4 of 0.1 mM and 4.0 mM respectively, and a catalyst concentration ranging between 1.33 

and 83.3 µM. For the sake of clarity the latter one is the equivalent concentration of silver ion 

(CAg) needed in order to obtain the actual amount of NPs introduced in the sample. The reducing 

agent, which is the last component introduced in the system immediately before starting the 

registration of the kinetic experiment, is always used in large excess with respect to the 

nitroarene substrate. Kinetics were followed at 40 °C, monitoring by UV–vis 

spectrophotometry the disappearance of the absorption band of the substrate, at its λmax value. 

A typical trace is shown in Figure 6.9. In agreement with literature,302,319-322 a preliminary 

induction period is present. Subsequent data points monotonically decrease, till a plateau is 

almost abruptly reached.  

 

Figure 6.9 – Typical kinetic trace for nitroarene reduction. 

In striking contrast with previous literature, the decreasing branch of the kinetic trace cannot be 

satisfactorily fitted neither as a first order exponential decay, nor as a zeroth-order straight line 

process. Rather, experimental points appear tentatively adaptable at a first approximation by a 

parabolic trend. In a preliminary set of control experiments performed with 4-nitroaniline 1, the 

amount of catalyst was fixed (50 µM) and suitably varied the borohydride concentration in the 

range 1.0 – 8.0 mM. Then, by means of the initial rate method, the reaction resulted first-order 

in the borohydride reducing reactant. According to literature,70,297 a curvilinear dependence of 

the initial rate vs. borohydride concentration would have been expected at much larger 

concentrations (>10 mM).  
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The kinetics of NPs catalyzed reactions is generally approached by means of the Langmuir-

Hinshelwood model,322-328 considering the reversible association of the reactants on different 

sites of the catalyst surface. The curvilinear dependence of the initial reaction rate, can be 

rationalized admitting a fast association pre-equilibrium between the catalyst and the BH4
- ion. 

The AgNP catalyst surface is considered as divided in effective area cells α, each as large as 

the average surface covered by a single amCD unit. Then, the reaction product is formed in a 

rate-limiting step from a surface-substrate-borohydride ternary complex, deriving from a series 

of fast pre-equilibria (Scheme 6.4).  

 

 

Scheme 6.4 

 

It can be assumed that α cells have a formal concentration (Ca) proportional to CAg according 

to the relationship Ca = σ·CAg, where σ is the ratio between the total surface for the NPs 

generated by one mole of silver ion, and the average surface which can be covered by one mole 

of amCD units. From Scheme 6.3 the following differential kinetic expression can be obtained:  
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where KB, KR and KBR are the stability constants for the binary complex (α·ArNO2) and 

(α·BH4
−) and the overall stability constant for the reactive ternary complex (α·BH4

−·ArNO2) 

respectively; k is the kinetic constant for the rate determining step. Eq. (6.1) can be simplified 

by considering that the observed linear dependence of the reaction rate on [BH4
−] implies the 

algebraic condition: 1+KR[ArNO2] » KB[BH4
−]+KBR[BH4
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This expression reduces to either a first order or a zeroth order expression, by imposing the 

conditions 1 » KR[ArNO2] or 1 « KR[ArNO2] respectively. However, it can be integrated as:  

t = ti + (1/kobs)([ArNO2]i-[ArNO2]) + (1/kobsKR) ln([ArNO2]i/[ArNO2])    (6.3) 
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where ti is the length of the induction period, and kobs = k(KBR/KR)σCAg[BH4
-]. The latter 

condition may be also written as kobs= kKB*σCAg[BH4
-],where KB* is the equilibrium constant 

for the association between the preformed (α·ArNO2) binary complex and BH4
-. The integrated 

Eq. (6.3) comprises both a zeroth-order (linear) and a first-order (logarithmic) term in the 

substrate. So, it can be suitably used to perform the regression analysis of the experimental 

kinetic traces. The expression for kobs predicts a linear dependence of the reaction rate on both 

the concentrations of the reducing agent and the catalyst as well.323,329,330 Surprisingly, however, 

experimental results showed for kobs a non-linear dependence on CAg (Figure 6.10, the complete 

data collection is reported in the Experimental Section, Tables 6.7-12). 

 

Figure 6.10 – Trends of kobs vs CAg for different substrates: (a) Catalyst I; (b) Catalyst II. 

In some cases, namely with Catalyst II and anionic substrates 2 (sodium N-4-nitrophenyl-

glicinate), 3 (sodium N-methyl-N-4-nitrophenyl-glicinate) and 5 (sodium 4-nitrophenate), non-

monotonical trends were found. No reaction could be observed for substrate 7 (sodium 4-

nitrobenzoate) with both catalysts, and for 8 (nitrobenzene) with Catalyst II. In order to explain 

the latter results it is reasonable to admit that the catalytic NP surface may have a different 

efficiency depending on how many amCD layers cover it (Figure 6.11). Considering that 

amCD layers are lost on dilution, probably uncovered or singly-covered portions of the surface 

have a good efficiency, whereas double- or multiply-covered portion are not effective, simply 

because the reactants are shifted far from the surface. The latter hypothesis was verified in a set 

of control experiments performed with p-nitroaniline 1 and Catalyst I (50 µM), by adding 

increasing amounts of amCD: a progressive decrease in the reaction rate is observed, until 
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substantial inhibition is achieved for amCD concentrations larger than 1.0 mM. Therefore, a 

more complex mechanistic scheme was considered (Scheme 6.5). 

 

 

Figure 6.11 – Representation of the differently covered surface elements of the catalysts. 

 

Scheme 6.5 
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In principle, the reaction rate should depend on the concentrations of the possible active 

catalyst-substrate-borohydride ternary complexes, according to the expression: 

v = k(0)[·ArNO2·BH4
-] + k(1)[(·amCD)·ArNO2·BH4

-] = 

= k(0)KR(0)KB∗(0)[α][amCD][ArNO2][BH4
-] + k(1)K(1)KR(1)KB∗(1)[α][ArNO2][BH4

-]   (6.4) 

From Scheme 6.5, considering the mass balance on the surface cells and the equilibrium 

conditions, and applying few useful simplifications, the following kinetic equation was 

obtained: 
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In Eq. (6.5) the concentration of free amCD is accounted. The total amount of amCD in the 

system (CCD) is bound to CAg by the relationship: CCD = ρ·CAg, where ρ is the amCD/Ag+ mole 

ratio defined above. However, at a first approximation it can be assumed [amCD] ≈  ρ·CAg, i.e. 

the concentrations of the various complexes may be considered negligible with respect to free 

amCD. (The latter statement relies on the fact that, considering the binding constant of 

inclusion complex between guest 1-8 and native CD used as reference, the resulted 

concentration of amCD·ArNO2 complexes is actually negligible with respect to free amCD). 

Then, the following final kinetic expression can be obtained:  
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Although the disheartening form assumed by the Eq.(6.6), it can be reduced to the same 

expression of the Eq.(6.2) and then it can be integrated in the same way to afford the similar 

final expression:  

t = ti + (1/kobs)([ArNO2]i-[ArNO2]) + (1/kobsKApp)ln([ArNO2]i-[ArNO2])    (6.7) 

where:  
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Considering again Eq.(6.8) this can be also written as: 
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Where kobs,0 = σ k0KB*,(0), kobs,1 = σ k1KB*,(1), Kapp,1 = K1(KR(1)/KR(0)) and Kapp,2 = K2(KR(2)/KR(0)). 

Noticeably, kobs,0 and kobs,1 provide a quantitative estimation of the catalytic efficiency of the 

naked and the singly-covered NP surface respectively. The catalytic efficiency depends, in turn, 

on the morphological characteristics of the NPs (according to σ), on the ability of the NP-

substrate pre-complex to bind the reducing agent (according to KB*(0) or KB*(1)) and on the 

intrinsic reactivity of the substrate onto the particular catalyst cell (according to k0 or k1); Kapp,1 

and Kapp,2 represent the conditional binding constants between the NP surface and the amCD 

layers in the presence of the different substrates. Eq. (6.10) can adequately describe the non-

monotonical kobs vs. CAg trends observed with Catalyst II and anionic substrates. However, as 

long as data relevant to Catalyst I are considered, the use of Eq. (6.10) leads to unreliable Kapp,2 

values, characterized by large uncertainty. On the other hand, considering the term Kapp,1Kapp,2 

ρ2CAg
2 negligible with respect to 1+Kapp,1ρCAg, a simplified form of Eq. (6.10) can be more 

suitably used: 
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The results obtained by analyzing the apparent kinetic constants kobs for substrates 1-8 with 

either Eq. (6.10) or (6.11) are summarized in Table 6.2. Noticeably kobs,0 values spun over a 

much larger range for Catalyst II than for Catalyst I, indicating larger variations in reactivity 

between the various substrates, and therefore a larger selectivity for the catalyst. Moreover, 

larger Kapp,1 values are generally observed with Catalyst I than for Catalyst II. These differences 

among the two catalysts may be ascribed to the different amount of unreduced Ag+ ion present 

on the catalyst, which is likely to interact with the nitroarene substrate before the addition of 

borohydride. Then, after BH4
- is introduced to start the reaction, the residual Ag+ is reduced. 

Thus, the consequent modifications in the morphology of the catalyst may be affected by the 

possible occurrence of significant Ag+-substrate interactions. This seems particularly evident 

in the case of anionic substrates, for which non-monotonical trends in kobs values vs. CAg are 

observed. 
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Table 6.2 – Kinetic constants for the nitroarenes reduction. 

Sub 
Catalyst I 

Eq. kobs,0 (s-1 M-1) kobs,1(s-1 M-1) kapp,1(10-6M-1) kapp,2 (10-6 M-1) 

1 11 36.2 ± 1.4 1.30 ± 0.07 8.4 ± 0.8 n.d. 

2 11 29.0 ± 0.4 0.40 ± 0.03 5.1 ± 0.2 n.d. 

3 11 36.0 ± 2.0 0.88 ± 0.09 10.0 ± 1.8 n.d. 

4 11 26.7 ± 1.1 1.00 ± 0.05 9.8 ± 1.2 n.d. 

5 11 32.0 ± 0.6 0.33 ± 0.02 13.7 ± 0.7 n.d. 

6 11 16.9 ± 0.7 0.93 ± 0.03 10.0 ± 1.2 n.d. 

7 - n.d. n.d. n.d. n.d. 

8 11 5.2 ± 0.3 0.67 ± 0.07 0.84 ± 0.07 n.d. 

Sub 
Catalyst II 

Eq. kobs,0 (s-1 M-1) kobs,1(s-1 M-1) kapp,1(10-6M-1) kapp,2 (10-6 M-1) 

1 10 62 ± 3 2.0 ± 1.0 3.9 ± 0.4 0.8 ± 0.4 

2 10 65 ± 2 (<0.2) 5.2 ± 0.2 (<0.4) 

3 10 23 ± 2 0.6 ± 0.4 2.0 ± 0.2 0.5 ± 0.3 

4 11 11 ± 2 2.4 ± 0.1 0.8 ± 0.2 n.d. 

5 10 131 ± 2 6.3 ± 2.0 3.2 ± 0.8 1.2 ± 0.3 

6 11 7 ± 1 1.1 ± 0.1 0.44 ± 0.10 n.d. 

7 - n.d. n.d. n.d. n.d. 

8 - n.d. n.d. n.d. n.d. 

 

Analysis of data reported in Table 6.2 indicates that the presence of a strong electrondonating 

substituent at the para position with respect to the reacting nitro group, is an important 

requirement for the reaction to occur. On passing to consider the kobs,0 values related to, 

nitroanilines 1-4 and nitrophenate 5 appear significantly more reactive than nitroanisole 6 and 

nitrobenzene 8, whereas nitrobenzoate 7 is not reactive at all. This result might appear quite 

surprising, because the reduction reaction should imply either an electron transfer process298,331 

or the nucleophilic attack of a hydride species to the nitro group. The latter type of process is 

consistent with the hypothesis reported in literature that BH4
- transfers a hydride ion onto the 

NP surface.322,326,332 In both cases the reaction should be unfavorably affected by 

electrondonating substituents. By contrast, the behavior observed indicates that the mechanistic 

course of the process relies on the interaction of the nitroarene with an electrophilic species, 

which must be identified with the catalyst surface. Nitroanilines 1-4 give further insights on the 

role of the para substituent group. N-substituted derivatives 2-4 do not appear more reactive 

than parent nitroaniline 1, despite alkyl substituents on the N atom should enhance the overall 

electrondonating character of the group. Therefore, the presence of a negative charge on the 

ancillary chain bound to the N atom (substrates 2 and 3), or the occurrence of significant steric 

hindrances (substrate 4), play an unfavorable role. This probably reflects a more difficult 

approach of the anionic reducing agent to the nitroarene-catalyst pre-complex, and a lower 

stability of the reactive ternary complex. The reactivity of nitrophenate 5 with Catalyst II 

appears exceptionally high. This is probably due to peculiar modifications in the NP surface 
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morphology, occurring as a consequence of particular Ag+-substrate interactions, as discussed 

previously. On passing to analyze kobs,1 values, it is possible to notice that the singly-covered 

surface cells appear by far less catalytically active than uncovered ones. More in detail, 

kobs,0/kobs,1 ratios range from 4.6 (substrate 4 with Catalyst II) up to 97 (substrate 5 with Catalyst 

I). A lesser activity for singly-covered cells, indicates that inclusion into the CD cavity does 

not lead the nitroarene to approach more easily the catalytic surface. This, however, is in 

contrast with the fact that the organic molecule is correctly included with the nitro group 

directed towards the primary CD rim.35,37,40,98,101-106 By considering data for Catalyst I, the 

lowest kobs,1 values are observed for substrates 2 (sodium N-(4-nitrophenyl)-glicinate) and 5 

(sodium 4-nitrophenate). The former one is known to form a very stiff inclusion complex with 

native βCD,37 due to the occurrence of multiple hydrogen bonding with the secondary host rim. 

The same effect likely blocks this substrate quite rigidly within the amCD cavity. By contrast, 

other substrates unable to undergo multiple hydrogen bonding form more flexible complexes,37 

and consequently are able to slip down more easily onto the NP surface after inclusion. It is 

interesting to notice that even the parent nitrobenzene 8 appears relatively reactive onto the 

singly-covered catalyst. Finally, the scarce reactivity of 5 may be likely attributed to the 

occurrence of a strong hydrogen bond interaction of the anionic centre with the secondary host 

rim, thereby keeping it far from the NP surface. Keeping into account the apparent binding 

constants Kapp present in Eq. (6.7) and (6.9) and the conditional binding constants Kapp,1 and 

Kapp,2 present in Eq. (6.10) and (6.11), Kapp reflects the actual contribution from the first order 

term to the overall reaction kinetics. This contribution increases in importance as Kapp 

decreases; consequently, larger deviations are observed in the kinetic trace with respect to the 

ideal linear trend expected for a purely zeroth order process. Unlike a true binding constant, 

Kapp depends on the concentration of the catalyst according to Eq. (6.9). Observed values 

usually range between 4·104 up to 4·105 M−1. However, they are affected by very large 

uncertainty (up to 40 %), so that a detailed analysis cannot be performed. On passing to Kapp,1 

and Kapp,2, their values depend on both the intrinsic affinity of the amCD towards the naked or 

singly covered NP surface (irrespective of the substrate, as accounted for by K1 and K2 

respectively), and on the different abilities of the naked, singly- or doubly-covered cells to bind 

the nitroarene (as accounted for by the ratios (KR1/KR0) and (KR2/KR1)).Therefore, large 

differences in Kapp,1 or Kapp,2 between different substrates have to reflect similar differences in 

the latter ratios. For instance, nitrobenzene 8 shows with Catalyst I a much smaller Kapp,1 value 

as compared to the other substrates. This reflects its much lesser affinity for the host cavity, 

consequent to the smaller value of its binding constant with native βCD97 as compared with 
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nitroanilines. The same argumentation can be applied to nitroanisole 6 with Catalyst II. 

However, it should be reminded that Kapp,1 values for Catalyst II are influenced by the deep 

modifications of the catalyst upon introduction of the reducing agent, as discussed previously. 

The outcome of the possible substrate-Ag+ interactions on such modifications is not easily 

predictable. Regarding to Kapp,2, its estimation was possible only in few cases, but values appear 

quite lower as compared to Kapp,1. It is worth stressing that Kapp,2 accounts for the interaction 

between superimposed layers of amCD, which probably involves the inclusion of the diamine 

pendants of the outer layer into the cavities of the inner one. Therefore, data suggest that the 

latter interaction is significantly less effective. Finally, regarding induction times ti, for each 

substrate-catalyst combination examined it was observed as values increase on decreasing the 

concentration of the catalyst (data for substrate 1with Catalyst I are shown in Figure 6.12).  

 

Figure 6.12 – Trend of the ti values vs CAg. 

Induction times vary with both the substrate and the catalyst. Nitroanilines 1-4 show smaller 

values than nitrophenate 5 and nitroanisole 6, whereas nitrobenzene shows the largest values. 

At the largest NP concentrations, slightly shorter induction times are observed with Catalyst I, 

with the exception of nitrophenate 5. The occurrence of an induction period has been justified 

in different ways. It was formerly admitted that the catalytic process can start only after a tiny 

layer of silver oxide possibly present on the NP surface had been reduced by BH4
-.321 It has 

been alternatively proposed that induction times (viewed as the inverse of a sort of kinetic 

constant322) might be related to the diffusion of the reacting species onto the catalyst surface,302 

or to the reconstruction of the NP surface.322 The obtained results, however, seem to rule out 

these interpretations, because they cannot explain neither the observed dependence on the 

concentration of the catalyst and on the structure of the substrate as well, nor the fact that 
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induction occurs also with Catalyst II, having a significant amount of Ag+ instantly reduced in 

situ by borohydride. On the other hand, it is well known that induction is typical for mechanisms 

involving free-radical species. Therefore, it might be tentatively interpreted as an indication 

that the nitroarene substrate undergoes single electrontransfer processes leading to short-lived 

radical species, which are scavenged by the molecular O2 present in solution. There is also a 

literature evidence that induction times for p-nitrophenol reduction are suppressed by exclusion 

of O2 from the reaction system.319 As a consequence, the target reaction cannot properly start 

unless all the O2 has been consumed by reaction with the excess borohydride. The latter process 

will be catalyzed by NPs and, as a consequence, its duration will depend on the concentration 

of the catalyst. On the other hand, it can be expected that the NP-substrate interaction will favor 

this process, with an increasing effect on increasing the electrondonating character of the 

substrate itself. 

 

6.3.3 - PdNPs as catalysts for the Suzuki reaction 

After having verified the abilities of amCDs to function as capping agents for the synthesis of 

AgNPs, as a proceeding of this work the possibility to exploit the same products for the 

synthesis and stabilization of Pd nanoparticles was considered. The synthesis of the 

nanocomposite can be accomplished in a perfectly analogous way as the one reported when 

dendrimers are used as the capping agent, by reduction of the aqueous complex anion PdCl4
2- 

(prepared in situ from PdCl2 and NaCl) with NaBH4 in the presence of the proper amount of 

amCD, according to the reaction: 

4 [Pd(Cl)4]
2-  +  BH4

-  +  8 OH-          4 Pd  + B(OH)4
-  + 16 Cl-  + 4 H2O 

Noticeably, in order to accomplish the reaction, PdCl4
2- and amCD must be allowed to react 

under stirring for at least 90 min, in order to ensure that the displacement of chloride ions by 

the polyamine comes to completion. Then addition of the borohydride reducing agent causes 

the rapid formation of the Pd nanoparticles, as evidenced by the fact that the solution 

immediately turns from a pale amber color to grey. More in detail, in a first series of 

experiments a set of assay samples were prepared, having a fixed concentration of Pd salt 1 

mM, and varying amCD and NaBH4 concentrations according to the grid reported in Table 6.3. 
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Table 6.3 – Working grid for the PdNPs preparation. 

 
[amCD] (mN) 

0.25 0.50 1.0 2.5 

[BH4
-] 

(mM) 

0.04 Ia Ib Ic Id 

0.20 IIa IIb IIc IId 

1.0 IIIa IIIb IIIc IIId 

 

Analysis of the UV-vis spectra of the samples reveals that the grey color is due to an extremely 

large absorption band, with no apparent maximum in the region between 300 and 800 nm. 

Therefore, it seemed convenient to quantify the extent of the reduction process by monitoring 

the absorbance of the pseudo-solution at 500 nm, at which the absorbance of the solution before 

reduction is nearly null. The absorbances of the sample systems (expressed as the corresponding 

 values) after reduction with borohydride are summarized in Table 6.4. 

Table 6.4 – ɛ values at 500 nm of the Pd/amCD nanoparticles. 

sample [BH4
-] 

(mM) 

Pd/amCD 

eq/eq 
amCD1 amCD2 amCD3 

Ia 0.04 1:1 1380 1290 1170 

Ib 0.04 1:2 820 1020 870 

Ic 0.04 1:4 650 670 280 

Id 0.04 1:10 390 360 250 

      

IIa 0.20 1:1 1920 1760 1770 

IIb 0.20 1:2 1760 1690 1960 

IIc 0.20 1:4 1610 1490 1910 

IId 0.20 1:10 1360 1350 1980 

      

IIIa 1.0 1:1 2100 1810 2210 

IIIb 1.0 1:2 2100 1890 2280 

IIIc 1.0 1:4 2100 1810 2270 

IIId 1.0 1:10 2100 1810 2190 

 

Analysis of these results easily shows that on increasing the amount of amCD the absorbance 

of the samples decreases, indicating a protective effect of the capping agent towards the metal 

ion, which strictly resembles the one observed in the case of AgNPs. Moreover, reduction 

results complete only at the highest concentration of borohydride, and therefore only with the 

presence of a large excess of reducing agent. These systems were also subjected to DLS 

analyses (unfortunately, TEM characterization was not possible because of lack of instrumental 

facilities). Data indicated that before the reduction with borohydride quite large and fairly 

polydispersed aggregates are formed, with average diameters ranging between 185 and 560 nm; 

average diameters increase on increasing the amount of amCD, irrespective of the particular 

amCD used. After the reduction has occurred, DLS analyses show the presence in the samples 

of at least two very polydispersed populations of objects. The first ones have average diameters 

more or less similar to those found before reduction; the second one is constituted by very large 
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objects, up to 1000 nm or even more. Noticeably, all these systems appear quite less stable than 

the AgNPs described previously, and tend to precipitate within hours or few days at the best; 

precipitation is faster for the systems prepared with the largest amount of borohydride.  

Most literature reports of TEM analyses on Pd nanoparticles, agree in describing them as very 

small objects, usually having average diameters around 5 nm or so. Therefore, everything 

considered, DLS results suggest that, similarly as for Ag, the interaction between the Pd(II) ions 

and the polyamine arms of the amCD units forms very large aggregates, which function as 

nests for the subsequent formation of the metal particles after the reducing agent is added. 

Probably, the actual nanoparticles are as small as those described in literature, and are covered 

by a thick layer of amCD units complexing unreduced Pd ions. However, the large tendency to 

aggregate, in particular whenever the reduction process is almost complete (large excess of 

borohydride) indicate that these layers cannot ensure an effective electrostatic barrier to 

coalescence. 

On the grounds of these preliminary semi-quantitative results, it was decided to test some 

representative PdNP systems for their possible catalytic efficiency towards the Suzuki coupling 

reaction, chosen as a suitable probe reaction.  

As a particular probe reaction, phenyl-boronic acids and p-bromo-acetophenone were chosen 

as substrates, in the presence of potassium carbonate as the base and ethanol as the solvent 

(Figure 6.13): 

 

Figure 6.13 – Scheme of the Suzuki reaction used as probe. 

For each amCD only the Ic-type ant the IIIc-type catalysts were considered, i.e. those prepared 

with Pd 0.25 mM, amCD 1.0 mN, BH4
- 0.04 mM (Ic) or 1.0 mM (IIIc). Sample systems were 

prepared by dissolving into 3 mL of the chosen catalyst 1.0 mmoles of bromoacetophenone, 1.1 

mmoles of phenylboronic acid and 1.2 mmoles of K2CO3. The samples were reacted for 19 h 

at either 25 °C or 50°C. Then, the reaction mixtures were poured in water and extracted with 

dichlorometane. Distillation in vacuo of the organic extracts afforded a crude, which was 

weighed and analyzed by NMR. In fact, the 1H NMR spectrum of the mixture (a representative 

example is shown in Figure 6.13) shows two neat singlets at 2.52 and 2.59 ppm, which can be 

attributed to the methyl groups of the bromoacetophenone and the product methyl-biphenylyl-

ketone respectively. Integration of the latter signals enables to calculate the mole fractions of 

B(OH)2

Br

O
O

+
[Pd]

+ 2 K2CO3 + 2 H2O
- KBr - KB(OH)4 - 2 KHCO3

(5) (6) (7)
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the two substances in the mixture; then, by few trivial passages conversion and yields can be 

easily calculated. The results are summarized in Table 6.5 

 
Figure 6.13 – 1H-NMR spectra of the reaction crude. 

Table 6.5 – Yields and conversions of the reaction using different catalytic systems and conditions. 

entry amCD system 
Rection 

time (h) 
T (°C) XP 

recover 

(mg) 

conv. 

(%) 
yield (%) 

Yield on 

conv. 

(%) 

1 CD1 IIIc 19 25 0.258 200 34 23 68 

2 CD1 Ic 19 25 0.757 209 77 71 92 

3 CD1 IIIc 19 50 0.607 185 67 50 75 

4 CD1 Ic 19 50 0.871 167.8 90 66 73 

5 CD2 IIIc 19 25 0 207 8 0 0 

6 CD2 Ic 19 25 0 192 15 0 0 

7 CD2 IIIc 19 50 < 0.01 192.5 14 tracce 

8 CD2 Ic 19 50 < 0.01 197.5 12 tracce 

9 CD3 IIIc 19 25 0 203 10 0 0 

10 CD3 Ic 19 25 0 198 12 0 0 

11 CD3 IIIc 19 50 0 252.9 0 0 0 

12 CD3 Ic 19 50 0 211 6 0 0 

 

It can be easily seen that PdNPs capped with the amCD2 and the amCD3 are ineffective in 

catalyzing the reaction. Even more interestingly, the Ic-type catalyst prepared with amCD1 

appears much more effective than the corresponding IIIc-type one. This indicates that the 

reaction course takes advantage from the presence of the Pd++ ion in the reaction system. In 

order to clarify the role of the amCD1 lingand and of the Pd++ ion, further reaction samples 

were prepared (Table 6.6), namely: i) preparing the “c”-type catalysts without borohydride 

(entries 13-16); ii) substituting the amCD with the corresponding free polyamine, without 

adding the borohydride (entries 17-19); iii) adding a competitive guest (entries 20-21). It can 
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be easily seen that the Pd++ only, is able to catalyze the reaction, improving conversions and 

yields, at least in presence of amCD1. This, confirming the importance of Pd++ in the whole 

mechanistic course of the Suzuki reaction.  

Table 6.6 – Yields and conversion of the reaction using different Pd++ systems. 

entry amCD system 
Rection 

time (h) 
T (°C) XP 

recover 

(mg) 

conv. 

(%) 
yield (%) 

Yield on 

conv. 

(%) 

13 CD1 [Pd++] 19 25 0.820 184.1 85 68 80 

14 CD1 [Pd++] 19 50 0.938 147.3 96 62 65 

15 CD2 [Pd++] 19 25 < 0.01 191.1 15 traces 

16 CD3 [Pd++] 19 25 0 253.7 0 0 0 

17 (A1) [Pd++] 19 25 0.146 197.4 25 13 52 

18 (A2) [Pd++] 19 25 0 206.2 8 0 0 

19 (A3) [Pd++] 19 25 0 287.2 0 0 0 

20 
CD1 + 

AdaO- 
[Pd++] 19 25 0.218 189.2 37 21 57 

21 
CD1 + 

AcO- 
[Pd++] 19 25 0.832 185.1 86 69 81 

 

Furthermore, it is very interesting to notice that substitution of the amCD with an equivalent 

amount of polyamine causes a dramatic decrease in the catalytic efficiency. The very favorable 

effect of the amCD might be explained in principle both with its ability to form large aggregates 

of the catalytic nanoparticles, and with the possibility that the formation of supramolecular 

complexes between the aromatic reactants and the amCD cavity favors the approach of the 

reactants on the PdNP surface. Thus, in order to verify the latter hypothesis, the reaction was 

performed in the presence of potassium adamantate. Indeed, adamantyl derivatives are known 

to form very stable complexes with CDs, because their size perfectly fits into the CD cavity. 

A significant decrease in the catalytic activity was observed (entry 20), which cannot be 

attributed to the mere addition of a generic carboxylate salt, because no effect occurs if 

potassium adamantate is substituted with an equivalent amount of potassium acetate (entry 21). 

These observations positively assess the possible favorable contribution to the reaction course 

due to the inclusion of the reactants into the amCD cavity. 

As a final remark, it is worth stressing that the amount of catalyst in the sample systems is very 

little, i.e. 0.075 %mol than the aryl bromide limiting reactant. This indicates that amCD-capped 

PdNPs present catalytic performances in line with the bests catalytic systems reported in recent 

literature.306,307 
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6.4 – Experimental section 

Instrumentations 

UV-vis spectra were recorded on a Beckmann DU 800 spectrophotometer, equipped with a 

Peltier thermostatic apparatus, which was used also to perform the kinetic experiments.  

TEM micrographs were acquired using a JEM-2100 (JEOL, Japan) electron microscope 

operating at 200 kV accelerating voltage. A drop of each suspension was put onto a 3 mm Cu 

grid “lacey carbon” for analysis and let the solvent to complete evaporation.  

DLS measurements have been carried out by using a 90 Plus Particle Size Analyzer 

(Brookhaven Instrument Corp., Holtsville, NY, USA) equipped with a BI-9000AT Digital 

Autocorrelator. The source was a He-Ne 632.8 nm laser and the detector was a photomultiplier 

tube, both mounted on a turntable; measurements were performed at 90°. By using the software 

supplied by Brookhaven Corp, data were obtained directly as electric field self-correlation 

function, G(τ), versus decay time, τ. In order to check data reproducibility and the stability of 

the suspension, measurements have been repeated in triplicate on different freshly prepared 

samples. Electric field self-correlation functions have been analyzed to obtain diffusion 

coefficients, D. The scattering particle diameters, d, have been evaluated by means of the 

Stokes-Einstein equation: D =KBT/3πηd once provided the absolute temperature T, and the 

viscosity of the solution η. Owing to the low concentration of the systems, the latter can be 

assumed coincident with the one of the pure solvent, within the limits of experimental errors. 

The self-correlation function computed by using the Cumulant analysis,333 did not satisfactorily 

reproduce the experimental data, thus suggesting that the particles in suspension were 

polydisperse. Therefore, a more appropriate analysis was performed by means of the CONTIN 

method.334,335  

 

Synthesis of AgNPs 

Mother solutions of [Ag(NH3)2]
+ 15 mM and amCD 6 mN were prepared in double-distilled 

water, previously degassed with a fine stream of Ar for 15 minutes. Then, samples were 

prepared by mixing in a dark vial the proper amounts of water, [Ag(NH3)2]
+ and amCD 

solutions up to 14 mL. The samples, kept under Ar atmosphere, were placed in an oil bath 

thermostated at 40 °C, inoculated with 1 mL of formaldehyde solution 33.4 mM, and allowed 

to react for 90 minutes. UV-vis spectra of the samples were recorded immediately after the 

reaction time. Catalysts I and II were carefully kept and stored in the dark before use. 
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Kinetics of nitroarene reduction. 

Kinetic experiments were performed at 313 K, according to the following procedure. In a quartz 

cuvette the proper amount of a stock solution of catalyst (1.0 mM) was diluted in the proper 

amount of freshly double-distilled water (degassed with a fine stream of Ar for 15 minutes), in 

such a way to have 2.65 mL of solution; then, 100 L of a stock solution 3.0 mM of the substrate 

were added, and the mixture was thermostated. A 48.0 mM solution of NaBH4 was prepared 

just before use by dissolving a weighed amount in a volumetric flask; then 250 L were rapidly 

introduced in the cuvette, and the registration of the kinetic trace immediately started, following 

by UV-vis spectrophotometry the disappearance of the nitroarene substrate.  

Table 6.7 - [kobs/|BH4
-|] values (105s-1M-1) for the reduction of substrates 1-6 and 8 with Catalyst I. 

CAg(M) 1 2 3 4 5 6 8 

83.3 22.2±0.6 18.3±0.5 16.7±0.5 15.3±0.4 9.1±0.3 12.1±0.3 16.4±0.4 

66.7 19.8±0.6 17.5±0.5 15.3±0.5 14.1±0.4 8.6±0.3 10.6±0.3 14.7±0.4 

50.0 17.6±0.5 16.4±0.5 14.1±0.4 12.5±0.4 7.9±0.3 9.1±0.3 12.4±0.4 

33.3 15.4±0.5 15.0±0.5 12.9±0.4 10.2±0.4 7.3±0.3 7.5±0.3 9.8±0.4 

26.7 14.5±0.5 14.3±0.5 12.1±0.4 9.3±0.3 7.1±0.3 6.6±0.3  

20.0 12.6±0.4 13.6±0.5 10.6±0.4 8.3±0.3 6.6±0.3 5.6±0.2 6.9±0.4 

13.3 11.5±0.5 11.6±0.5 8.9±0.4 7.5±0.3 6.2±0.3 4.9±0.2 5.1±0.3 

10.0 9.5±0.4 10.7±0.4 8.1±0.4 7.0±0.3 5.8±0.2 4.4±0.2 4.2±0.3 

8.33 9.0±0.4 9.8±0.4 7.7±0.4  5.5±0.2 4.2±0.2 3.6±0.3 

6.67 8.6±0.4 9.0±0.4  6.0±0.3 5.1±0.2 4.0±0.2 2.9±0.2 

5.00 7.9±0.4 7.8±0.4 6.8±0.4 4.8±0.3 4.7±0.2 3.2±0.2  

3.33 6.9±0.3  5.5±0.4  4.2±0.2 2.7±0.2 1.6±0.2 

2.67 5.4±0.3 5.3±0.3  4.0±0.2    

2.00 4.7±0.3  4.7±0.3 3.2±0.2 3.4±0.2 2.2±0.2  

1.33 3.6±0.3 3.2±0.3 3.9±0.3 2.6±0.2 2.6±0.2   

 
Table 6.8 - Kapp values (10-5M-1) for the reduction of substrates 1-6 and 8 with Catalyst I. 

CAg(M) 1 2 3 4 5 6 8 

83.3 1.0±0.4 1.0±0.3 1.2±0.2 3.2±0.5 1.1±0.2 1.4±0.2 1.4±0.4 

66.7 1.5±0.4 0.9±0.3 1.2±0.2 3.4±0.5 1.4±0.2 1.8±0.2 1.2±0.3 

50.0 1.8±0.3 0.8±0.2 1.2±0.2 3.6±0.6 1.9±0.2 2.8±0.3 1.2±0.4 

33.3 2.4±0.3 0.8±0.2 1.0±0.3 3.7±0.6 2.2±0.3 3.4±0.3 1.3±0.3 

26.7 2.4±0.4 0.8±0.2 0.8±0.2 3.1±0.5 2.1±0.3 3.9±0.5  

20.0 2.6±0.4 0.7±0.2 0.9±0.2 3.0±0.5 2.2±0.3 4.0±0.9 1.4±0.3 

13.3 2.0±0.3 0.8±0.2 0.9±0.2 3.1±0.5 2.1±0.2 3.9±0.8 1.7±0.4 

10.0 2.0±0.4 0.9±0.2 1.0±0.2 2.7±0.5 2.0±0.3 3.6±0.7 1.8±0.2 

8.33 1.7±0.4 0.9±0.2 1.1±0.3  1.7±0.2 3.4±0.8 1.0±0.3 

6.67 2.1±0.4 1.0±0.2  2.6±0.5 1.4±0.2 3.3±0.4 0.9±0.3 

5.00 2.2±0.5 1.1±0.2 1.1±0.2 2.2±0.4 1.0±0.2 3.4±0.5  

3.33 2.1±0.3  1.0±0.2  0.7±0.2 3.3±0.3 0.6±0.3 

2.67 1.6±0.4 1.4±0.3  1.7±0.4    

2.00 0.9±0.4  1.5±0.3 1.6±0.3 0.4±0.1 2.5±0.4  

1.33 1.0±0.4 1.2±0.3 1.8±0.4 1.5±0.3 0.3±0.1   
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Table 6.9 - ti values (s) for the reduction of substrates 1-6 and 8 with Catalyst I. 

CAg(M) 1 2 3 4 5 6 8 

83.3 28±6 36±6 30±5 31±6 47±8 37±6 65±8 

66.7 33±7 44±6 32±6 35±5 55±8 48±8 96±10 

50.0 38±8 56±8 37±5 51±6 67±9 49±8 114±9 

33.3 46±8 65±7 42±7 65±7 94±9 62±8 127±12 

26.7 47±9 59±9 58±9 87±7 104±7 64±7  

20.0 50±8 75±8 69±8 109±9 133±15 87±9 200±20 

13.3 62±8 87±9 79±10 114±8 170±20 95±12 350±30 

10.0 85±9 85±10 82±10 136±10 210±20 110±15 350±40 

8.33 94±9 96±12 90±12  230±30 119±16 620±70 

6.67 100±12 103±10  150±12 250±40 137±19 710±90 

5.00 101±11 143±17 94±15 146±13 280±60 150±20  

3.33 110±12  102±16  250±30 150±30 1090±90 

2.67 183±15 230±30  176±17    

2.00 220±30  130±20 185±15 270±40 170±30  

1.33 230±30 290±40 150±30 200±20 330±50   

 

 
Table 6.10 - [kobs/|BH4

-|] values (105s-1M-1) for the reduction of substrates 1-6 with Catalyst II. 

CAg(M) 1 2 3 4 5 6 

83.3 12.0±0.6 5.7±0.4 6.5±0.3 25.2±1.0 4.3±0.4 15.3±0.4 

66.7 11.7±0.6 6.1±0.4 6.6±0.4 21.4±1.2 4.5±0.3 13.7±0.4 

50.0 11.2±0.6 6.5±0.3 6.6±0.4 17.9±0.9 4.8±0.4 11.3±0.3 

33.3 10.6±0.5 6.7±0.4 6.4±0.3 13.5±0.6 5.8±0.4 9.1±0.4 

26.7 10.2±0.5 6.7±0.4 6.1±0.5 11.2±0.7 6.2±0.4 8.3±0.4 

20.0 9.7±0.5 6.6±0.3 5.9±0.4 8.8±0.6 6.8±0.6 6.4±0.4 

13.3 9.3±0.6 6.3±0.3 5.5±0.4 6.9±0.5 7.9±0.5 5.0±0.3 

10.0 8.9±0.5 6.2±0.3 5.1±0.3 6.1±0.5 9.0±0.7 4.6±0.3 

8.33 8.6±0.5 6.1±0.4  4.9±0.4 9.8±0.8  

6.67 8.0±0.4 6.0±0.3 4.4±0.3 4.3±0.3 10.9±0.7 3.3±0.2 

5.00 7.2±0.4 5.8±0.3  3.9±0.4 11.4±0.8  

3.33 6.4±0.4  3.6±0.3 3.3±0.3 11.1±0.8 1.8±0.2 

2.67  5.1±0.3  2.4±0.3 10.3±0.7  

2.00 5.6±0.3  2.7±0.3   1.6±0.2 

1.33 4.5±0.3 3.9±0.3  1.6±0.2 9.4±0.7  

 
Table 6.11 - Kapp values (10-5M-1) for the reduction of substrates 1-6 with Catalyst II. 

CAg(M) 1 2 3 4 5 6 

83.3 0.7±0.1 1.1±0.2 0.9±0.2 1.5±0.2 2.1±0.2 1.1±0.2 

66.7 0.9±0.2 1.0±0.3 0.9±0.3 1.6±0.3 2.2±0.3 1.1±0.3 

50.0 1.1±0.2 0.9±0.3 0.8±0.2 1.7±0.4 2.1±0.2 1.3±0.3 

33.3 1.2±0.3 0.8±0.2 0.8±0.2 2.2±0.5 1.6±0.2 1.1±0.3 

26.7 1.2±0.3 0.7±0.2 0.8±0.3 2.5±0.4 1.4±0.2 1.2±0.2 

20.0 1.1±0.3 0.7±0.1 0.7±0.2 2.9±0.6 1.1±0.2 0.9±0.2 

13.3 0.9±0.2 0.7±0.2 0.7±0.1 3.4±0.7 0.8±0.2 0.7±0.2 

10.0 0.7±0.2 0.7±0.2 0.7±0.2 3.2±0.7 0.7±0.2 0.6±0.1 

8.33 0.7±0.1 0.7±0.1 0.7±0.2 3.1±0.6 0.5±0.1  

6.67 0.6±0.1 0.6±0.1 0.7±0.2 2.8±0.5 0.4±0.1 0.5±0.1 

5.00 0.6±0.1 0.6±0.2  2.7±0.6 0.4±0.1  

3.33 0.6±0.2  0.5±0.2 2.4±0.5 0.3±0.1 0.6±0.2 

2.67  0.5±0.1  1.2±0.3 0.26±0.08  

2.00 0.6±0.1  0.3±0.1   0.5±0.2 

1.33 0.5±0.1 0.24±0.08  0.9±0.2 0.20±0.07  
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Table 6.12 - ti values (s) for the reduction of substrates 1-6 with Catalyst II. 

CAg(M) 1 2 3 4 5 6 

83.3 58±12 53±13 52±10 37±9 37±8 40±10 

66.7 68±11 57±11 63±11 42±9 44±7 46±12 

50.0 70±13 61±14 70±12 44±10 56±8 54±13 

33.3 80±13 78±15 98±15 45±9 68±9 57±15 

26.7 84±12 90±14 101±15 79±12 92±10 62±17 

20.0 92±14 101±16 116±16 87±14 103±12 64±18 

13.3 99±16 104±18 111±18 95±15 117±11 90±20 

10.0 103±16 109±17 130±20 103±16 127±15 124±18 

8.33 104±15 115±20  170±20 134±12  

6.67 106±18 130±20 150±30 170±30 136±13 150±30 

5.00 120±20 140±30  240±40 140±20  

3.33 130±20  200±40 250±50 150±20 170±40 

2.67  180±40  260±80 160±30  

2.00 140±20  250±50   200±50 

1.33 160±30 240±40  440±90 170±30  

 

 

Synthesis of PdNPs 

A mother solution of the PdCl4
2- complex was obtained by dissolving 26.6 mg of PdCl2 and 

178 mg of NaCl in 50 mL of water; mother solutions of the amCDs 10 mN were also prepared. 

The proper amounts of the PdCl4
2- solution, amCD solution and ethanol were mixed and 

allowed to stir at r.t. for 90 min, giving a pale brown solution; then the proper amount of a 

freshly prepared NaBH4 10 mM solution was added. It is important to stress that the amount of 

ethanol added to each sample was adjusted in order to have a final volume of 3 mL. After 

addition of the reducing agent the solution immediately turned to grey, and was used as such 

for both physicochemical analyses and catalysis experiments. 

 

Catalysis of Suzuki reaction 

Samples were prepared by mixing 226 mg (1 mmole) of p-bromo-acetophenone, 137 mg (1.13 

mmoles) of phenylboronic acid and 167 mg of anhydrous potassium carbonate (1.2 mmoles). 

To each sample the solution of the PdNP catalyst (prepared as described above) was added, 

and the solution was allowed to stir at 25 or 50 °C for 19 h (as specified in Tables 6.4 and 6.5). 

Then, 20 mL of dichloromethane are added and the solution is washed trice with brine (20 mL 

each). The organic phase is carefully distilled in vacuo up to constant weight, and the residue 

is dissolved in CDCl3 for NMR analysis. 
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- 7 - 

PHOTOCHEMICAL SYNTHESIS OF 

POLYAMINOCYCLODEXTRIN-CAPPED SILVER 

NANOPARTICLES AS POTENTIAL BIOCIDES 
 

 

 

7.1 – Photochemical synthesis of AgNPs 

The synthesis of silver-based nanoparticle systems (AgNPs) is an extensively studied research 

topic owing to the many properties and consequent uses of AgNPs, which have found 

applications in various fields spanning from optics to biosensors, diagnostics336 and catalysis337 

(as it has been shown in the previous chapter). Moreover, AgNPs find biomedical 

applications338 because of the well-known antibacterial properties of silver (as will be showed 

afterwards). Several applications, take advantage of the peculiar optical properties of silver 

nanoparticles, due to the characteristic LSPR absorption band, which makes these systems 

active substrates for SERS investigations (Surface Enhanced Raman Scattering).339 The 

wavelength, the intensity and the FWHM (Full With at Half Maximum) of the LSPR band is 

related to the shape, size and AgNPs chemical environment,258 whereby using a synthetic 

procedure which allows to modulate these characteristics, it is possible to obtain nanoparticle 

systems with tailored optical properties, in such a way to adapt them to a specific use.340  

As previously reported, the synthesis of metal nanoparticles can be carried out in different ways; 

among them the use of light to promote it has become a further and widely investigated field, 

in particular for the synthesis of AgNPs.341 The light-assisted preparation of metal 

nanoparticles342 can be based on photophysical (top-down approach) or photochemical 

(bottom-up approach) process. (Figure.7.1) The first one consist in the ablation of bulk metal 

by the use of laser light, which is a general procedure for the synthesis of nanoparticles of 

several metal.343 On the other hand, the photochemical approach, which relies on the 

photoreduction of the corresponding metal cation, it has assumed great importance in the 

synthesis of AgNPs. Since in the 18th century Johnann Schulze discovered that silver salt darken 
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upon light exposure, the photoreduction of silver was widely exploited in photography, but only 

during the last decades was developed for the synthesis of AgNPs as well. 

 

Figure 7.1 – Top down vs Bottom up photochemical synthesis of metal nanoparticles. 

In particular, following the photochemical methods, the photoreduction of silver cations can be 

in turn, either a direct or indirect process. The direct photoreduction of a silver salt for the 

AgNPs synthesis, has the advantage to require no presence of a reducing agent, thereby 

allowing their formation in several environments such as polymer or gel matrix, zeolite, clays, 

glasses, cells, etc.342  

The first mechanism for the photochemical synthesis of AgNPs by direct irradiation of Ag+ 

ions in solution was proposed by Hada et al. studying the UV-irradiation of Ag(ClO4) in 

aqueous and alcoholic solution, they have proposed that upon photo-excitation of Ag+ an 

electron transfer process is promoted from a solvent molecule to the excited Ag+ giving Ag0, 

which aggregations affording the AgNPs. 

  HOHAgOHAg 0
hv

2
 

They also highlighted that, when the solvent is an alcohol, this process is more efficient and 

characterized by a larger quantum yield. As a matter of fact, after the first formal hydrogen 

removal, the resulted radical is able to further reduce Ag+, boosting the Ag0 formation, together 

with the synthesis of aldehyde specie in turn a chemical reducing agent.  

HOHCRHAgOHRCHAg 0
hv

2


   

RCHOHAgHOHCRAg 0
hv

 


  

AgNPnAg
hv

0   

Finally, they also found out this process is heavily favoured in presence of a secondary alcohol, 

thanks to the easier hydrogen removal from the α-position.344 

In order to obtain long lived AgNPs by direct photoreduction, the synthesis is commonly carried 

out in the presence of a reducing/stabilizing agent, as reported by Huang et al. and by Guang-

nian, which synthesised PVP-coated AgNPs by UV-irradiation (254 nm) of aqueous solution 
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of AgNO3 and [Ag(NH3)2]
+ respectively. In both cases they synthesised spherical AgNPs. The 

light absorption intensity at the maximum wavelength (and to a lesser extent the λmax itself) 

which reflect the AgNPs concentration, is strictly related to the PVP concentration, as well as 

to the irradiation time.345,346  For the sake of clarity, it is important to specify that the 

photoreduction of Ag+ in presence of PVP could not be completely classified as a direct 

photoreduction process. As a matter of fact, as conceived by Huang et al. the photoexcitation 

of carbonyls moieties of PVP can produce ketyl radicals which in turn can reduce the Ag+. 

As it was mentioned above an alternative photochemical route for AgNPs synthesis, is the 

indirect photoreduction by means of photosensitizer molecules.347 This can overcome the main 

problem of the direct photoreduction, that is the use of the UV irradiation needed for the 

excitation of most metal cations. As a matter of fact, the UV irradiation have the main drawback 

to be absorbed by most of the stabilizing agent and solvent as well, reducing the quantum yield 

of the photoreduction and then amplify the irradiation time, as well as being an expensive light 

source. The photosensitizer molecules, such as aromatic ketones or dyes, upon irradiation give 

radical species able to reduce the metal cation. Because photosensitizers have the advantage to 

absorb between 300 – 700 nm, the use of visible light for photoreduction becomes viable.  

The fate of the photosensitizer after irradiation can be basically divided in two different paths 

namely: i) formation of excited state organic molecules, which upon hydrogen abstraction from 

a donor solvent molecule, give rise to radical species; ii) direct generation of organic radicals 

by homolytic bond cleavage. In the first case ketone derivative molecules are commonly used, 

because upon irradiation between 300 and 360 nm these are excited to a singlet state which 

rapidly decays to triplet excited state by intersystem crossing. This species, due to a n-π* 

transition, has the ability to abstract a hydrogen from a donor molecule, generally an alcohol 

used as solvent in these type of process, giving a ketyl and an alcoholic radical both able to 

reduce Ag+ to Ag0 and regenerate the ketone,342 together with aldehyde derivative from 

alcoholic radical (as depicted in previous equation) (Scheme 7.1). 

 

Scheme 7.1 
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On the other hand, the direct light-promoted bond cleavage, to give radical species (irradiating 

in the same previous mentioned spectral window), is usually accomplished by the use of 

benzoin derivatives or other α-hydroxyl ketones. This class of molecules is commonly 

represented by 2-hydroxy-4’-(2-hydroxy-ethoxy)-2-methyl-propiophenone, a widely used 

photosensitizer it is known as well with the commercial name of Irgacure-2959®. This 

molecule upon irradiation at 320 nm give rise to benzoyl and ketyl radicals by Norrish I type 

reaction.342,348 (Scheme 7.2) 

 

Scheme 7.2 

Scaiano et al. have extensively investigated the photosensitizer processes for the Ag 

photoreduction in particular using I-2959 in different solvent media with and without citrate as 

stabilizing agent, as well as in presence of amines. The latter ones have been used as buffer 

agent considering that the reduction of Ag+ by ketyl radical give protons as byproduct.341 

Besides, they have established also that the destiny of benzoyl radical is the formation of the 

corresponding carboxylic acid 4-(2-hydroxyethoxy) benzoic acid (HEBA) which give a certain 

contribute to the stabilization of forming AgNPs.341 Finally, it is worth noting that their studies 

have highlighted as the first step of the AgNPs is the formation of the Ag2 dimer, followed by 

even numbers coupling of dimers during the growing process.349 

Coming back to the use of visible light to promote AgNPs synthesis, during the last few decades 

several papers dealing with the shape photoconversion of AgNPs were appeared in literature. 

In particular, visible light (400 – 700 nm) promotes the photoconversion of silver seeds is 

solution (AgNPs < 5 nm), usually obtained via chemical reduction of AgNO3 with NaBH4 in 

the presence of citrate or PVP as stabilizing agents, in order to obtain NPs of desired 

morphology hence featured by specific optical properties.318,350-355 The irradiation is commonly 

carried out using either laser or LED type light source, although sunlight or halogen lamp are 

becoming fairly common as well. As a matter of fact, depending on the specific wavelength 

used, it is possible to obtain differently shaped anisotropic AgNPs, i.e. nanoplates, nanodiscs, 

nanoprisms, nanotetrahedra, nanodecahedra or nanorods. (Figure 7.2) 
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Figure 7.2 – Characteristic SPR band of anisotropic AgNPs. 

Of course the shape of the restructured AgNPs can be monitored by TEM micrography: 

nevertheless, even the colour change of the solution, related in turn to the variation in the LSPR 

absorption maximum, give naked eye evidence of the ongoing morphological change. 

Finally, the use of light to carry out the formation of AgNPs, as well as being an alternative 

synthetic route (not only a simple style exercise), is a promising green process considering the 

virtual absence of chemical reducing agents, which could be addressed to the synthesis of 

biologically useful AgNPs. 

 

7.2 - Antibacterial properties of Silver 

Since antiquity, Silver has been one of the most used noble metals by mankind. Besides the 

production of decorative object, coins and cutlery, due to its corrosion resistant properties, it 

has been widely exploited also for its early discovered antibacterial activity first time mentioned 

by Herodot.356 

There are a lot of historical witnessess regarding the use of metallic silver by Egyptians, Persian, 

Romans and Greeks, for storage of water or food.356 Since the middle age as lunar caustic (or 

lapis infernalis), basically a stick of silver nitrate added with hydrochloric acid and potassium 

nitrate, has found medical applications as antiseptic topical agent for the treatment of burnt skin, 

wounds and ulcers to hamper infections.357 Silver nitrate as aqueous solution has been also used 

to prevent infection by oral assumption or for the preparation of eyewash used to avoid 

Gonorrhea type infections in newborn babies from infected mothers.338 

The use of silver and its compounds as broad-spectrum antibacterial agents has been a common 

practice till the half of 20th century, when antibiotics were discovered. Then the use of silver 



108 

 

became negligible, but during the last decades it has gained an increasing interest again, due to 

the growing resistance of some bacterial strains towards the most common antibiotics.358,359    

For this reason, the antibacterial action mechanism of silver has been deeply investigated 

considering also different silver containing compounds.360 In particular, AgNPs have received 

attentions in the last few years by researchers. Studies carried out up to date have revealed that 

AgNPs possess an antibacterial broad range activity toward both Gram-negative and Gram-

positive bacterial strain.361 In general, AgNPs of smaller size possess greater antibacterial 

action. This finding might be rationalized considering that smaller particles possess an overall 

larger surface, and therefore are able to release Ag+ ions to a larger extent, or alternatively to 

interact more effectively with the cell wall. In any case, AgNPs can be considered in fact as 

“Trojan horses” for Ag+ release into cell itself.338,362 

Despite the efforts by researchers, antibacterial mechanism of action of Ag+ and AgNPs, has 

not been fully understood yet. In any case three different kind of interactions of silver compound 

with bacterial cells363 were claimed, namely: i) interaction with cell wall; ii) interaction with 

proteins, enzymes and DNA; iii) silver promoted formation of reactive oxygen species (ROS). 

These possible interactions are depicted in Figure 7.3. 

 

 

Figure 7.3 – Antibacterial mechanisms of action of Ag+ and AgNPs. 

In order to discuss the interaction between silver and cell membrane, it is important to depict 

the differences in the cell wall structures between the two main categories bacteria, i.e. Gram-

positive and Gram-negative bacteria. The main constituent of cell wall is the peptidoglycan 

layer, surrounding plasm membrane, which is constituted by different polymeric sheets of N-

acetylglucosamine and N-acetylmuramic acid, linked each other by peptide bridges in such a 

way to form a net-like structure. 
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The peptidoglycan layer is common to both type of bacteria, with the difference that in the case 

of Gram-positive bacteria it is thicker (15-80 nm) and is also characterized by the presence of 

teichoic acids, which confer a negative charge to the cell wall of Gram-positive bacteria. 

Differently, in the case of Gram-negative bacteria the peptidoglycan layer is thinner (̴ 2 nm), 

and it is covered by a further external membrane of phospholipid and lipopolysaccharides. 

It has been shown that Ag+ is able to provoke the lysis of both Gram-negative as Escherichia 

Coli and Gram-positive as Staphylococcus aureus bacteria. It was possible evaluate by TEM 

analysis that Ag+ destabilize the cell wall, with consequent detachment from plasm membrane 

and spillage of plasma components leading to cell death. In the case of Gram-negative bacteria, 

this effect was resulted greater than for Gram-positive ones.364,365 Almost the same effect was 

observed in the case of AgNPs towards Gram-negative and Gram-positive bacteria, although 

the mechanism of action of AgNPs is till today debated.366,367 

Indeed, at this regard it is necessary to keep in mind some aspects affecting the AgNPs activity, 

such as ζ Potential. As a matter of fact, the right interaction of AgNPs and Gram-positive or 

Gram-negative bacteria is governed by the counterbalance of their respective charges. A clear 

example was reported by Tolaymat et al. which have studied the antibacterial activity of citrate 

and branched-polyethyleneimine capped AgNPs towards Gram-positive bacillus strains 

featured by a negatively charged surface. Their findings have revealed as the branched 

polyethyleneimine-AgNPs with a net positive charge on their surface have a greater toxicity on 

bacillus cell thanks to the favoured electrostatic interaction established.368 

It is necessary to highlight that in some cases AgNPs cause the cell death without bringing to 

cell lysis, hence in order to explain this eventuality other action mechanisms were conceived. 

One of these has been proposed by Mirzajani et al., which supposed that AgNPs are able to 

create holes in the cell wall, of both Gram-positive and Gram-negative bacteria, by removal of 

N-acetylglucosamine and N-acetylmuramic acid building blocks from the peptidoglycane layer, 

allowing the entry of AgNPs or Ag+ inside the cell and their interaction with intracellular 

components.369  

Nevertheless, as already mentioned the release of Ag+ from AgNPs is the mainly accepted 

reason to explain the antibacterial activity of AgNPs.370-375 The Ag+ release was considered as 

an oxygen-mediated oxidative process either by a direct four electron transfer: 

4 Ag  +  O2  +  2 H2O      4 Ag+  +  4 OH- 

Or by a peroxide mediated reduction of oxygen to water: 

2 Ag  +  H2O2  +  2 H+      2 Ag+  +  2 H2O 
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Once crossed the plasm membrane, silver can interact with many components as DNA, 

enzymes and membrane proteins. The interaction of silver with DNA was easily assessed by 

means of TEM images in which it has been possible sees as the DNA is closely packed when 

bacterial cells are treated both with Ag+ and AgNPs, hindering its replication ability and gene 

expression.364,376 

Silver ion is able to give silver-amino acids complexes and then interact with enzymes and 

proteins affecting their structures and in the case of enzymes can replace other possibly cations 

present in the enzyme receptor site. Regarding to silver-amino acids complex is necessary to 

consider that, albeit cysteine is commonly accepted as the best site for silver protein interaction, 

due to the soft-soft interaction between silver and sulphur, this is not confirmed by theoretical 

calculation which consider lysine, arginine and histidine the best ligands for Ag+.377 

Nevertheless, it has been shown that the interaction of Ag+ with the NADH dehydrogenase take 

place at level of the thiol groups of cysteine residues hindering the bacterial respiratory chain.378 

A study of the effect of Ag+ on Vibrio Cholera has indeed revealed as micromolar 

concentrations of Ag+ lead to the downfall of the proton motive force across the plasm 

membrane, with the leakage of proton across the plasm membrane and consequent cell death.379 

A similar effect it was also reported for Escherichia Coli and Staphylococcus aureus treated 

with AgNPs.376,380  

Another result of the interactions of silver with NADH dehydrogenase is the enhancement 

formation of Reactive Oxygen Species (ROS), free radical species produced by every aerobic 

organism as by-product of the respiratory chain, able to harm essential cell components as 

DNA, RNA, lipids and proteins. In a study on the antibacterial activity of Ag+ on Gram-negative 

and Gram-positive strains under aerobic and anaerobic conditions, Park et al. highlighted as the 

antibacterial activity increase in aerobic conditions and that the level on activation of SoxR and 

OxyR (sensing protein activated by the presence of superoxide radical anion and hydrogen 

peroxide respectively), show an enhanced formation of superoxide radical anion.381 Gordon et 

al.196 supposed also that Ag+ mediated demolition of the Fe-S cluster cofactor (present in the 

NADH dehydrogenase of respiratory chain), give rise to hydroxyl radicals by Fenton 

reaction.382 

Considering the contribution of AgNPs some researchers have proved by EPR analysis the 

direct formation of silver radical directly from AgNPs;383 whereas on the other hand some 

authors have attributed the increased antibacterial activity of AgNPs in aerobic conditions, only 

to the higher release of Ag+ by oxidation of AgNPs surface.374 
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Undoubtedly the antibacterial activity of silver has a faceted nature with many contributions 

which can affect it, such as the particular bacterial strains, the form in which silver is present, 

the availability of Ag+; the latter one can be in turn affected by the counter anion causing its 

precipitation. Moreover, working with AgNPs other factor become important as dimension of 

nanoparticles, coating agents present on their surface and shape as well, as recently showed by 

the higher activity of triangular shaped nanoparticles with respect to spherical one.384  

In conclusion as a final remark, is necessary mention a rising trend in the last few years related 

to the antibacterial activity of AgNPs joined with common broad-spectrum antibiotics. The 

studies so far carried out have showed as the resultant antibacterial effect is affected by the 

bacterial strains, as well as the antibiotic class used. In any case the obtained findings are very 

promising showing often a synergistic effect385 (higher to the sum of the part) among AgNPs 

and antibiotics with a consequent reduction of MIC (minimum inhibitory concentration), hence 

leading to a possible reduction of the administered antibiotics.361  

 

7.3 - Results and discussion 

7.3.1 – Photochemical synthesis of AgNPs systems 

As it was illustrated in the previous chapter, amCDs are good capping agents for the synthesis 

and stabilization of silver nanoparticles. This reaction was carried out by chemical reduction 

with formaldehyde of a silver nitrate ammonia solution. Even though long lived AgNPs 

colloidal solution were obtained, very useful as catalyst, these systems cannot be used for 

biological applications in particular in order to test their antibacterial properties. This is due to 

the presence of species such as formaldehyde and nitrate ions, which could have toxic effects 

on the bacterial cells. This in turn could concealing the real antibacterial properties of AgNPs, 

investigation of which is part of the work. Therefore, it was necessary to design a different 

synthesis in order to obtain more biocompatible AgNPs. For this reason, it was decided to use 

CH3COOAg as silver salt, in such a way to eliminate the nitrate ions. The silver reduction one 

could carried out in principle by a chemical route, using biocompatible reducing agents, as 

extensively reported in literature, such as glucose, citrate or other natural extracts; alternatively, 

the photoreduction properties of Ag could be exploited. 

The first possibility was investigated by preliminary assays, using systems with the same 

composition of those used in the previous chapter (1 mM Ag+, 0.4-2.0 mN amCD), and 

different reducing agents, in particular glucose, sodium ascorbate and citrate, each one at a 2 

mM concentration. In all cases the reactions, performed in the dark at 40 °C for 90 min, gave 

unsatisfactory results. More in detail, systems with citrate and glucose did not show the typical 
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reddish color of AgNPs systems, even after a further warming up to 60 °C for 30 min (in the 

presence of glucose only a pale red color appears). By contrast, systems with ascorbate 

immediately gave rise to brown-greyish precipitates at r.t. 

Then, it was seemed appropriate to accomplish a systematic investigation of a possible 

photoreduction approach to AgNPs sysnthesis. Keeping into account the possible 

photoreduction mechanisms mentioned previously, is necessary the presence of a sacrificial 

reducing agent, which must oxidize itself, providing the electron to reduce Ag+. In our case 

amino groups on amCD would assume this role, as well as that of capping agent.  

For this purpose, in order to find the best reaction conditions to carry out Ag+ photoreduction 

in presence of amCDs, different operational variables, were taken into account, namely: i) the 

type of irradiation source; ii) the irradiation power (W/m2); iii) the features of the amCD used; 

iv) the Ag/amCD equivalent ratio; v) the possible presence of a further sacrificial reducing 

agent; vi) the irradiation time. 

First, it was necessary to establish which light source could be the best candidate in term of 

effectiveness and convenience, to perform the process. In particular, three different light source 

were compared, i.e. a solar simulator (SUNTEST XLS+ set in “indoor configuration”) with an 

irradiation power of 30 W/m2; a Rayonet apparatus equipped with 16 lamps each one with a 

power of 8 W and characterized by a sharp emission at 365 nm; a commercially available 

halogen lamp with a power of 50 W placed at a distance of 12 cm from the irradiated systems 

by means of a home-made reactor (which will be described in the experimental section). The 

effectiveness of each light source was assessed by irradiation of the usual two Ag+/amCD 

combination systems (1:0.4 – 1:2.0) prepared using silver acetate and three different type of 

amCD namely amCD1, amCD2 and amCD3. After irradiation for 10 min, each system 

(regardless of the light source used) showed the characteristic red-amber coloration, sign of the 

AgNPs formation. Then to have a more careful characterization of the AgNPs systems, their 

UV-vis spectra were recorded and it was also take notes of the stability over time (colour 

variation, precipitate formation), of the systems prepared with the different light source, over a 

week.  The resulted UV-vis spectra, show two main differences with respect to those obtained 

by the chemical protocol discussed in the previous chapter. The first one is the intensity of the 

SPR band (related to the amount of reduced Ag present). The relevant ɛ value is in any case 

lower than the one obtained for the reduction performed with formaldehyde (ɛ = 5500), 

implying that a significant amount of Ag+ ion remains unreduced in the process. 

The second one is that the obtained spectra are characterized by a shoulder or a side band in the 

region between 480 and 530 nm (as exemplified by the spectra in Figure 7.3). 
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Figure7.3 – Spectra of Ag/amCD 1:2 systems after 10 min halogen lamp irradiation; a) amCD1; b) amCD2; c) 

amCD3. 

A similar effect was previously observed on dilution of the AgNPs obtained by the chemical 

protocol, and was attributed to the modification of the chemical micro-environment around 

AgNPs. Therefore, this modification could be reasonably attributed to a partial degradation of 

the coating agent.  

In order to have a semi-quantitative index to evaluate such a possible degradation, it was 

decided to use the ratio Rɛ of the absorbances at 400 and 500 nm (Rɛ = 500/400). Data obtained 

are collected in Table 7.1, together with an indication of the stability of the systems. 

Table 7.1 – ɛ values and stability of the Ag/amCD systems irradiated with different sources. 

amCD 

Light 

source Ag/amCD 400 500 R Stability 

amCD1 Solar sim. 1:2 2850 2450 0.860 <1h 

    1:0.4 3900 3150 0.808 <1h 

  Halo L. 1:2 2400 1450 0.604 1d 

    1:0.4 720 745 1.035 1d 

  Rayonet 1:2 3350 2600 0.776 1d 

    1:0.4 3400 2750 0.809 1d 

amCD2 Solar sim. 1:2 1835 1775 0.967 <1h 

    1:0.4 3990 3460 0.867 <1h 

  Halo L. 1:2 2630 2480 0.943 3d 

    1:0.4 1900 1405 0.739 3d 

  Rayonet 1:2 2525 2305 0.913 2d 

    1:0.4 4030 2490 0.618 1d 

amCD3 Solar sim. 1:2 4240 3170 0.748 <1h 

    1:0.4 2210 2150 0.973 <1h 

  Halo L. 1:2 3800 2900 0.763 7d 

    1:0.4 2490 1420 0.570 7d 

  Rayonet 1:2 3590 1725 0.481 2d 

    1:0.4 3660 2015 0.551 1d 
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Considering the time stability, it is clear that the use of the solar simulator affords in all cases 

unsatisfactory systems, whereas for the halogen lamp or the Rayonet apparatus, the time 

stability depends on the nature of the amCD used, with a stability order amCD3 > amCD2 > 

amCD1. This trend indicates an enhancement in stability related to the increase of the length 

of the polyamine pendants.  

On passing to consider the absorbance values, as a general trend the systems prepared using 

amCD3 and amCD1 show the highest and lowest values respectively, but taking into account 

the Ag/amCD ratio the values show the opposite trend. Indeed, in the case of solar simulator 

systems with 1:0.4 ratio present the highest absorbances, whereas for the halogen lamp the same 

finding is observed for systems with 1:2 ratios. For the systems irradiated using the Rayonet 

there is no particular difference in the absorbance according to the ratio. 

The trends for the Rɛ , seem fairly complicated to rationalize. Nevertheless, lower Rɛ values in 

the case of amCD3 with respect other amCDs were obtained, confirming again the important 

role that the number of nitrogen atoms and the length of the polyamino pendants exert in 

determining the features of a photochemical synthesised AgNPs systems. Under this viewpoint, 

the resemblance to the chemically obtained AgNPs systems was considered as the reference 

standard in term of time stability, and similarity of the UV-vis absorption profile as well.   

Then taking into account the obtained results, and in particular those related to the time stability, 

it was decided to carry on the photochemical investigation by the use of the halogen lamp, 

which both seemed to provide the best results, and has the advantage to be by far the cheapest 

irradiation apparatus as compared to the other ones. 

Then, it was possible to carefully investigate the outcome of other experimental parameters. 

The first set of assays was carried out using a wide range of Ag/amCD ratios; the relevant 

results are collected in Table 7.2 and illustrated in Figures 7.4  

Table 7.2 – Effect of the amount of amCD on the ɛ values of the Ag/amCD systems. 

amCD Ag/amCD ɛ400 ɛ500 R 

amCD1 

1:0.4 720 745 1.035 

1:1 2450 2200 0.898 

1:2 2400 2000 0.833 

1:5 1400 1200 0.857 

1:10 1300 1000 0.769 

amCD2 

1:0.4 1900 1400 0.737 

1:1 3690 2930 0.794 

1:2 2830 2480 0.876 

1:5 2630 1830 0.696 

1:10 2290 1680 0.734 

amCD3 

1:0.4 2490 1420 0.570 

1:1 3800 2500 0.658 

1:2 3800 2900 0.763 

1:5 3080 1700 0.552 

1:10 2600 1130 0.435 
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Figure 7.4 – Trend of ɛ400 (left) and Rɛ (right) vs [amCD]. 

 

Data for ɛ400 show a bell-shaped trend, with a maximum occurring for a amCD concentration 

between 1 and 2 mM. This indicates the existence of an optimum Ag/amCD ratio, that 

maximizes the amount of reduced silver. 

A similar trend was observed for Rɛ, in the cases of amCD2 and amCD3, with the highest 

values, occurring for nearly the same concentration of amCD at which the maximum 

absorbance was obtained. This means that the best Ag/amCD ratio, at which the highest degree 

of reduction is reached, is also the same that provide AgNPs characterized by the largest 

degradation of the coating agent on their surface. A more complicated trend was observed in 

the case of amCD1. 

On passing to consider the irradiation time, some systems were selected to test its effect on the 

photoreduction process. In particular, systems prepared using amCD2 and amCD3 both with 

1:2 and 1:0.4 ratio, systems prepared using amCD1 with 1:0.4 in presence of 2 and 20 mM 

glucose and system 1:2 in presence of glucose 20 mM were chosen (the razio of these three 

systems will be hereafter explained). Each system was then irradiated for different times, up to 

15 min, after which the UV-vis spectrum was recorded. The resulted data are summarized in 

Table 7.3  

In general, by plotting the data obtained, it is possible to observe that absorbances increase 

roughly according a first order trend. However, absorbances at 400 nm increase faster than 

those at 500 nm, with a consequent increase of Rɛ values (Figure 7.5).  This implies that the 

appearance of a shoulder, or a possible side band, in the UV-vis spectra is a consequence of the 

prolonged irradiation.  
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Table 7.3 – Effect of the irradiation time on ɛ values and their ratio. 

amCD Ag/amCD  t (min) ɛ400 ɛ500 Rɛ 

amCD2 

1:0.4 

 3 510 415 0.814 

 6 1120 760 0.679 

 10 1900 1405 0.739 

1:2 

 3 1795 1205 0.671 

 6 2600 1975 0.760 

 10 2630 2480 0.943 

amCD3 

1:0.4 

 3 700 320 0.457 

 6 1455 745 0.512 

 10 2490 1420 0.570 

 15 2750 1850 0.673 

1:2 

 3 1900 850 0.447 

 6 3285 1700 0.517 

 10 3800 2900 0.763 

 15 4000 3500 0.875 

amCD1 

1:0.4 + glu 2 mM 

3 900 650 0.722 

6 1450 1300 0.897 

10 1500 1500 1.000 

1:0.4 + glu 20 mM 

3 1420 1220 0.857 

6 2150 1680 0.785 

10 2150 1685 0.784 

1:2 + glu 20 mM 

3 1200 720 0.600 

6 1700 1550 0.912 

10 1950 1685 0.864 

 

 

 

Figure 7.5 – Rising trend of the ɛ values, faster in the case of ɛ400. 
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In the case of systems prepared with amCD1 in presence of glucose as a sacrificial co-reductant, 

it is interesting to note that as the amount of glucose increases, a decrease and stabilization over 

time of the Rɛ values can be observed. This means that large amounts of glucose can effectively 

contribute to the silver reduction. In order to explain the whole of these results, it should be 

preliminarily considered that, on the grounds of the mechanistic hypotheses reported so far in 

literature, a ligand-to-metal photo-induced single electron transfer (s.e.t.) process must occur. 

This implies that in fact the ligand functions as sacrificial reducing agent. Therefore, an increase 

in the efficiency of photoreduction should be expected on increasing the amount of amCD 

present in the reaction system. This conclusion is contradicted by the experimental result of a 

bell-shaped trend for the absorbance at 400 nm. It is worth recalling here that chemical 

reduction of Ag+ by formaldehyde in the presence of amCD is hampered by a large excess of 

the capping agent. Moreover, the s.e.t. process should form from the amCD some radical-cation 

species, which in turn might function as reductant themselves. Thus everything considered, it 

is possible put forward the following mechanistic hypothesis. (Scheme 7.3) 

 

Scheme 7.3 
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The first step (step i) is obviously the complexation of Ag+ by the polyamino pendants of 

amCDs which afford large aggregates (between 100 and 1000 nm according to DLS evidences). 

Then (step ii) this complex undergoes a photoinduced s.e.t. process from the ligand to the Ag+ 

giving rise to Ag0 and an unstable nitrogen radical cation species. It is reasonable to assume 

that Ag0 forms small NP nucleation seeds able to further growing. On the other hand, the 

nitrogen radical-cation species of the polyamine branches may undergo different fates (step iii), 

depending on their peculiar nature. From secondary or primary amine groups, the loss of H· 

leads to imines which can be easily hydrolized to aldehyde. From tertiary amine groups, loss of 

H+ leads to iminium ions that once again may undergo hydrolysis to aldehydes. In any case, H· 

radical, imines and aldehyde derivatives are reducing agent, which can subsequently reduce a 

further amount of Ag+ as well (step iv), causing further growing of the former AgNPs nuclei. 

This mechanism results in part similar to that one reported by Sukhishvili et al. for the Ag+ 

photoreduction in presence of branched polyethyleneimine, in particular regarding the aldehyde 

derivatives formation. In that case, however, there is the fundamental difference that the process 

was mediated by UV irradiation of oxygenated solution, whereas in the present case visible 

irradiation and degassed solution were used.386  

Of course, the effectiveness of the secondary chemical reduction process, carried out by the 

side products of the photoreduction, is related to the concentration of the amCD according to 

the same inverse relationship observed for the chemical reduction with formaldehyde. 

Therefore, an increase in the amount of amCD must necessarily hamper the interaction of the 

reducing agent with Ag+. This mechanistic hypothesis adequately explains the different kinetic 

trends observed for the absorbances at 400 and 500 nm. As a matter of fact, the second one 

accounts for the occurrence of the deterioration of the coating consequent to the secondary 

reduction process, which takes place after the actual formation of the AgNPs. 

On the grounds of the experimental data, the performance of amCDs follows the order amCD3 

> amCD2 >> amCD1. Considering this, it seemed interesting to verify if the Ag photoreduction 

in presence of amCD could be improved by the addition of a further sacrificial co-reducing 

agent. Taking into account the possibility of further biological application of the AgNPs 

systems prepared, it was decided to use the biocompatible glucose. In order to carry out this set 

of experiment two different Ag/amCD1 ratios, namely 1:2 and 1:0.4, were used. Then, a series 

of irradiation tests were performed in presence of an increasing concentration of glucose in the 

range 2 - 20 mM. The results, collected in Table 7.4, show as in the case of the Ag/amCD1 1:2 

ratio, the addition of glucose does not appear to have a marked effect on the final amount of 

reduced Ag+, while there is an increase of Rɛ ratio. In the case of the Ag/amCD1 1:0.4 ratio, 
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glucose addition actually seems to have a positive effect both on the amount of reduced Ag+, 

and on spectrum quality. For the sake of completeness, two further control tests with the 

amCD2 and the amCD3 adding glucose in a concentration of 2 mM were done, but in both 

cases the observed effect was substantially negligible.  

Table 7.4 – Effect of glucose concentration on the ɛ values and their ratio. 

[Glucose] 
(mM) 

Ag/amCD1 1:2 Ag/amCD1 1:0.4 

ɛ400 ɛ500 Rɛ ɛ400 ɛ500 Rɛ 

1 1900 1250 0.658 1500 1500 1.000 

2 1800 1430 0.794 1400 1300 0.929 

5 1830 1640 0.896 1830 1750 0.956 

10 1950 1685 0.864 2150 1685 0.784 

 

Once acquired the information related to best conditions to carry out the AgNPs synthesis, the 

role of the irradiation source used was re-considered. In particular, some collateral effects 

related to the “halogen lamp system”, were taken into account in order to understand if they 

could affect the photoreduction process in some way. The first aspect considered was the 

irradiation power of the “halogen lamp system” which supplies 276 W/m2 (at 12 cm), with the 

drawback of warming up the reaction system to a rate of 3.5 ± 0.1 °C/min (estimated by a linear 

regression of T vs t). Then, a set of assays were performed to investigate the effect of power 

irradiation and the warming up. First, by placing the halogen lamp at a distance of 18 cm the 

irradiation power of the system was reduced of 2,24 fold (123 W/m2) as also confirmed by the 

same extent reduction of the recorded warming up rate i.e. 1.5 ± 0.1 °C/min. 

The photoreduction of two model systems, Ag/amCD2 1:2 and 1:0.4, was then repeated under 

this condition, observing a slowdown in the reaction rate proportional to the power reduction. 

As a matter of fact, the absorbance at 400 nm of the systems, after 10 min, was ca. less than 

half compared to that of the experiment conducted with the lamp placed at 12 cm, while using 

a 20 min reaction time, the spectrum of the system was substantially comparable to that obtained 

after 10 minutes with the lamp at 12 cm. Moreover, in order to test the effect of the warming 

up, a system, covered with aluminium foil, was exposed to the heat provided by the light 

irradiation, but albeit the reached temperature (ca. 55 °C) no reaction was observed. In any case 

it was decided to modify the home made system by the addition of two fans in order to allow a 

constant flux of fresh air and keep the temperature almost stable (warming rate 0.2 ± 0.1 

°C/min). Nevertheless, also in this case no variation was observed in the behaviour of the 

system previously irradiated without fans, confirming a negligible effect of the temperature. 



120 

 

In order to better understand the difference, and then the advantages, of the home-made 

“halogen lamp system” with respect to Solar simulator and Rayonet, it was decided to record 

their emission profiles, depicted in the Figure 7.6 

 
Figure 7.6 – Emission spectra of irradiation sources. 

 

As it is possible to see, the Rayonet is characterized by a narrow emissions range between 300 

and 400 nm. On the contrary, the solar simulator and halogen lamp emit largely beyond 400 

nm. Furthermore, unlike to the solar simulator, the halogen lamp has a significant emission 

component in the NIR (Near-InfraRed) region. To verify the influence of this component to the 

photoreduction process, the halogen lamp was replaced with a commercially available infrared 

lamp (Philips, 250 W) and tested on system Ag/amCD3 1:2. Owing to the higher irradiation 

power of this lamp (ca. 1375 W/m2 at 12 cm) it leads to a strong heating (14.8 ± 0.3 °C/min) 

also with the fans, in order to circumvent in part this drawback, it was decided to irradiate the 

system for period of 2,5 min each cooling the system to r.t. after each irradiation step. After the 

fourth irradiation, (10 min of irradiation) the UV-vis spectra of the system was recorded. The 

spectra, compared to that one resulted by halogen lamp irradiation is reported in Figure 7.7. 

 

Figure 7.7 – Spectra related to the Ag/amCD3 1:2 systems irradiated with halogen lamp and IR lamp. 

 
Halogen 

Rayonet 

Solar sim. 

 
Halogen lamp 

Infrared lamp 
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Surprisingly, it was found that the photoreduction carried out with the "infrared" lamp is by far 

less effective than the halogen lamp, and the resulted spectrum features a significant absorption 

band at 530 nm can accounting for a large occurrence of the degradation processes of the 

capping agent. This, in turn, suggest that the irradiation source used to perform the silver 

photoreduction, has to possess also a visible component. For this reason, a series of test using 

Ag/amCD3 1:2 and 1:0.4 systems irradiated with four different coloured filament lamps (red, 

yellow, blue and green light) were carried out. The emission spectra of the various lamps were 

recorded in Figure 7.8. In this case the distance of the lamps was shifted again to ca.13 cm in 

order to compensate the slight increase of their power i.e. 60 W. The irradiation time was always 

set at 10 minutes, after which the spectra of the resulting systems were recorded (Figure 7.9), 

and the corresponding absorbance values at 400 and 500 nm, as well as their ratio Rɛ are 

reported in Table 7.5. 

All coloured lamps have a NIR component as well. The emission maximum for blue, green, 

yellow, red and infrared lamps are respectively 500, 530, 610, 650 and 656 nm. The spectra of 

the obtained nanoparticles clearly show as green light is far the best light source for the silver 

photoreduction, while with the others light the extent of formation of the nanoparticles is very 

small or even absent. 

 

Figure 7.8 – Emission spectra of coloured irradiation sources. 

Table 7.5 – Effects of the coloured irradiation source on the ɛ values of the irradiated systems. 

Lamp 
Ag/amCD3 1:2 Ag/amCD3 1:0.4 

ɛ400 ɛ500 Rɛ ɛ400 ɛ500 Rɛ 

Solar. sim 1835 1775 0.967 3990 3460 0.867 

halogen 3800 2500 0.658 3850 2725 0.708 

Rayonet 3500 2830 0.809 3590 1725 0.481 

infrared 2815 2530 0.899 1140 1070 0.939 

RED 585 335 0.573  n.r.  

YELLOW 1425 635 0.446 545 360 0.661 

GREEN 4125 1455 0.353 2295 1525 0.664 

BLUE 670 315 0.470  n.r.   

Green LED 3910 1640 0.420 2245 1255 0.559 
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Green 
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Figure 7.9 – UV-vis spectra of Ag/amCD3 [a)1:2; b)1:0.4] systems irradiated for 10 min with different coloured 

lamp. 

Considering this, NIR component was eliminated by irradiating the systems with a green source 

LED, whose emission spectrum consists of a single narrow band centered at 513 nm (FWHM 

28 nm). In this case considering the power of the LED source (5W) the distance of irradiation 

was set to ca 3,5 cm. The resulted spectra of the systems are very similar to those obtained with 

the green filament lamp. Blue or yellow LED source afforded no photoreduction. 

A careful analysis of the data (Table 7.5), in particular the comparison between the results for 

the halogen, infrared, green filament lamps and green LED, suggests that the main effect of the 

NIR component seems to increase the contribution relevant to the absorbance at 500 nm in the 

spectrum of the nanocomposite. According to what previously discussed, this indicates that the 

NIR component could increases the effectiveness of the secondary reduction process of Ag. 

Indeed, considering the well-known ability of metal nanoparticles to absorb IR light, and 

convert it to localized heat387 (see the last chapter), this could provide the need energy to support 

the further Ag+ photoreduction by the reducing species deriving from the first photochemical 

process. The latter one, in turn, should be attributed to the visible component of the green 

emission source. It is also very interesting to note that for systems Ag/amCD3 1:2 the use of 

two green source would seem to give slightly better results in terms of intensity of the 

absorption at 400 nm; whereas, in the 1:0.4 systems the behaviour is reversed, and the green 

source give spectra with an intensity around 60% with respect to those obtained with halogen 

lamp. This indicates that the presence of the visible and NIR components is necessary, because 

they act synergistically in promoting the overall reduction of silver, and then the process of 

formation of the AgNPs. Obviously the price to be paid, is a more extensive degradation of the 

capping agent, as evidenced by the Rɛ values. 

Finally, it is worth stressing that the irradiation power could be also contribute to the 

degradation of the coating agent. Indeed, if in the case of coloured lamps and LED source it 

a) b)  
Red lamp 

Yellow lamp 

Green lamp 

Blue lamp 

Green LED 
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was possible to keep constant the irradiation power to which one of the halogen lamp system, 

in the case of solar simulator, Rayonet and infrared lamps it was not possible owing to 

configuration limits of these systems. In fact, in the case of solar simulator the set irradiation 

power (30 W/m2) is related to the emission between 300 and 400 nm (used by the instrument 

as reference), while considering the power of the lamp and the distance of irradiation (1700 W, 

38 cm) the effective irradiation power is 940 W/m2. On passing to Rayonet the effective 

irradiation power is 600 W/m2 (128 W at a distance of 13 cm). As a matter of fact, the systems 

expose to solar simulator and infrared lamp, namely the source with the strongest irradiation 

power, was characterized by the lower stability, thereby confirming a not negligible role 

provided by irradiation power to the photodegradation of the coating agent. 

 

7.3.2 - Morphological characterization of AgNPs systems 

Once individuated the best conditions to perform the AgNPs photoreduction in the presence of 

amCD, it was decided to carry out a thorough structural characterization. First, in order to 

demonstrate that the amCDs stably reside, as a covered layer on AgNPs surface giving rise to 

a nanocomposites, FT-IR spectra of some sample were recorded. For this purpose the tendency 

of the system to give precipitates over time was exploited, and speeded up by subjecting the 

systems to centrifugation. Indeed, all the systems, when subjected to centrifugation at 13000 

rpm for 20 min, resulted in a completely colorless supernatant and the formation of a red-

brownish pellet. It is worth stressing at this regard that the precipitate obtained can be re-

suspended in pure water by sonication, to afford again a quite stable pseudo-solution. The 

possibility to isolate and subsequently re-suspend an NP composite might be interesting, in 

view of possible applications. In this case the pellet was afterward used to the FT-IR 

measurements. Noticeably, upon addition of conc. HCl to the supernatant liquor, no precipitate 

or turbidity was qualitatively observed. Therefore, the presence of residual Ag+ in the liquor 

can be ruled out.  

In particular, the FT-IR spectra of four representative systems were recorded. These were 

prepared using in each case an 1:2 ratio and irradiated for 10 min with halongen lamp system 

namely Ag/amCD1 (sample A), Ag/amCD1 – Glucose 2 mM (sample B), Ag/amCD2 (sample 

C) and Ag/amCD3 (sample D). The spectrum of the Ag/amCD1 1:2 system obtained by 

reduction with formaldehyde (Sample E) was recorded too, for suitable comparison. Moreover, 

the spectra of the three amCDs were recorded as well and used as reference systems. The 

spectra of the amCD1, and sample E, A and D are reported in Figure 7.10. 
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Figure 7.10 – FTIR spectra of amCD1 (red line); Ag/amCD1 chemically reduced (blue line); Ag/amCD1 

irradiated (green line); Ag/amCD3 irradiated (brown line). 

 

First of all, the spectra of the three amCDs are very similar. In each one it is possible to assign 

the broadband at ca. 3300 cm-1 of the hydroxyl groups, the system bands around 30002800 

cm-1 related to the  stretching of -CH2- groups of the polyamine chains, and the characteristic 

fingerprint system of CD between 1500 and 1000 cm-1. In the E sample, obtained by chemical 

reduction, it is easy to observe the presence of the stretching of -CH2- groups and the 

fingerprints of amCD1, on which, an intense band at ca. 1400 cm-1 is overlapped. The latter 

was attributed to the CO3
2-  stretching, in turn, probably due to the ability of the basic-nature 

system to absorb CO2. On passing to the sample A, some different features can be noticed. The 

hydroxyl stretching band gets wides and the signals of the -CH2- stretching nearly disappear. 

Moreover, there is the presence of an intense band at 1585 cm-1, which can be attributed to the 

asymmetric stretching of a carboxylate group. The corresponding symmetrical stretching band 

is not well distinguishable, because it is overlapped with the signal of CO3
2- in the area around 

1400 cm-1. Furthermore, the band at 1585 cm-1, is characterized by the presence of a shoulder 

at 1660 cm-1, which can be attributed to the >C=N- stretching of an imine group. Finally, the 

three bands of the cyclodextrin fingerprint between 1200 and 1000 cm-1 are perfectly visible. 

The spectrum of the sample B (not shown) shows the same characteristics. These observations 

provide a convincing evidence of the fact that the diamine chains amCD1 undergo an extensive 

oxidative degradation process, with the final formation of carboxyl groups, through the 

supposed sequence of reactions in the Scheme 7.3 (imine → aldehyde → carboxylic acid). On 

passing to the sample D, it is possible to notice that the stretching of -CH2- groups are not 

 Formaldehyde 
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completely suppressed, the band of the carboxylate at 1585 cm-1 does not show a shoulder and 

the corresponding symmetric stretching 1405 cm-1 is well detectable. These findings confirm 

that the longest polyamine chains have a better resistance to the oxidative degradation, ensuring 

a more efficient coating of the AgNPs. 

Furthermore, a further characterization on a carefully selected set on AgNPs systems was 

accomplished.  In particular, TEM micrographs (Figure 7.11) of systems A, B, C and D were 

acquired. The morphological features and the aggregation/coalescence tendency of the obtained 

AgNPs change according to the amCD used. The NPs of sample A, are characterized by a 

higher degree of polydispersity, with the presence of amorphous and irregular particles, 

immersed in a sort of gluey matrix. This, together with the fact that the UV-vis spectra of the 

systems prepared with amCD1 have usually highest Rɛ values, is a further confirmation of the 

more extensive degradation undergone by amCD1 during the photoreduction process, with 

respect to other amCDs. The features of the NPs significantly improve when glucose is added 

to the system (sample B). In the case of the system prepared with the amCD2 (sample C) a 

certain aggregation tendency is still observed, but the metal cores are more regular shaped, less 

polydispersed, and more crystalline. The system prepared with the amCD3 (sample D), shows 

little aggregation, a lower degree of polydispersity, and even more crystalline NPs. By the use 

of all the obtained micrographs, it was possible to carry out a statistical analysis of the NPs 

diameters distribution (Figure 7.12, Table 7.6). 

Sample A has the maximum polydispersity degree, apparently with a bimodal distribution. For 

the sample B is clear as the addition of glucose make the distribution almost symmetric and 

centred at about 28 nm. The symmetry of the distribution remember which one found in the 

case of the "chemistry" reduction with formaldehyde, and then confirms the idea that in the case 

of systems prepared with the addition of glucose, this one contribute to the further reduction of 

Ag+. The use of amCD2 (sample C) allows to obtain a skewed single-mode distribution of the 

diameters, and a lower polydispersity than that obtained with amCD1. Finally, with amCD3, 

the lowest degree of polydispersity is obtained, joined with an even less skewed distribution 

and the presence of the smallest NPs. 

Regarding to the degree of crystallinity of AgNPs, this one was best established for C and D 

samples by recording SAED (Selected Area Electron Diffraction) images (Figure 7.13). 
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Sample A       

Sample B       

Sample C       

Sample D       

Figure 7.11 – TEM micrographies of the relevant samples. 
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Figure 7.12 – Size distribution of the relevant samples. 

Table 7.6. Statistical distribution of particles size. 

Sample Mode  Mean  σ 
Skewness 

(Pearson index) 

A (9 nm, 27 nm) 28.9 nm 14.7 nm - 

B 27.9 nm 36.0 nm 15.6 nm 0.52 

C 22.8 nm 31.9 nm 8.9 nm 1.02 

D 14.7 nm 19.9 nm 7.1 nm 0.70 

 

   

Figure 7.13 – SAED images of systems Ag/amCD2 (sample C) and Ag/amCD3 (sample D). 

Sample A Sample B 

Sample C Sample D 

Sample C Sample D 
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SAED analysis is a diffraction technique similar to the X-ray diffraction, but with the main 

difference to use high energy electron; it has the advantage to allow the selected diffraction 

analysis of surface in the order of hundreds nanometer. Basically, the atom disposition inside a 

solid act as a diffraction grating for the high energy electron (owing to the comparable 

dimension on the interatomic distance and the electron’s wavelength). Then when an electron 

hit an atom, it will be scattered of a certain angle, according to the peculiar crystalline structure 

of the sample, giving rise to a light spot. As a matter of fact, bright and regularly-radial 

distributed light spot give proof to a high degree of crystallinity of the system; conversely the 

presence of high number of seamless radial distributed light spot take into account amorphous 

material. As it is possible to see in the picture both systems present a radial positioning of the 

light spot, consistent with the d-spacing of the fcc phase of Ag indexed as 111, 200, 220 and 

311 reflections from the centre of the SAED pattern and then confirming a good degree of 

crystallinity, higher for amCD3. 

 

7.3.3 - Antimicrobial activity 

As previously mentioned many reports describe the antimicrobial activity of biologically or 

chemically synthesized AgNPs. In particular, Andrade et al. successfully tested the 

antimicrobial efficacy of βCD-coated pseudo-spherical AgNPs (28 nm average diameter), 

revealing bactericidal effect at the concentration of 10 µg/mL against the Gram-negative E. coli 

used as tester strain.362 Therefore, testing the antibacterial properties of the photochemically 

synthesised Ag/amCD nanocomposites, seemed an obvious proceeding of the work.  

In order to assess the antimicrobial activity of the Ag/amCD nanocomposites, micro-biological 

assays were performed using the Gram-negative E. coli and the Gram-positive Kocuria 

rhizophila strains as suitable testers. At this regard, it was decided to use the systems 

Ag/amCD3 1:2 obtained upon 10 min of irradiation by halogen lamp. Preliminary agar 

diffusion tests were performed by spotting on bacterial overlays aliquots of suspensions 

containing different amounts (corresponding to 1, 0.1, 0.01 and 0.001 µg of total Ag 

respectively) of both the “as prepared” Ag/amCD3 system (AP Ag/amCD3) and also a 

forcedly precipitated and resuspended Ag/amCD3 system (FPR Ag/amCD3). The latter, in 

particular, was chosen to test the viability of the centrifugation/resuspension protocol reported 

in literature.388 Moreover, other systems as free amCD, ammoniacal silver acetate, the Ag+-

amCD3 complex prior to irradiation and the mother liquors from the forced precipitation of the 

composite were used as suitable controls. These preliminary tests revealed no or negligible 

inhibition of bacterial growth for the free amCD3 and for the mother liquors respectively, 
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whereas the other tested silver sources showed significant antimicrobial activity against both 

the tester strains, due to the easier available Ag+ ions present. In particular, for the tested 

composites 0.01 and 0.1 µg of Ag were sufficient to afford growth inhibition of K. rhizophila 

and E. coli respectively. It is worth noting that the antibacterial efficacy measured as the area 

of bacterial growth inhibition halos, revealed that both AP and FPR Ag/amCD3 composites 

possess a similar activity, with the second one showing only a fair decrease in efficacy against 

both testers (Figure 7.14). 

 

 

Figure 7.14 – Area of bacterial growth inhibition halos produced by AP and FPR Ag/amCD systems. 

 

Nevertheless, considered that differences in activity were in fact modest, the capability of being 

separated from aqueous phase by centrifugation is undoubtedly a valuable characteristic for our 

nanocomposites. Therefore, everything considered, further investigations were carried out on 

the FPR Ag/amCD3 system only. As a final observation, lack of activity for the mother liquors 

indicates that unreduced Ag+ ions possibly present in the AP Ag/amCD3 pseudo-solution co-

precipitate within the nanocomposite during centrifugation. In order to achieve quantitative 

evaluation of the antibacterial efficacy of the FPR Ag/amCD3 system, MIC90 and MBC tests 

were performed (relevant results are summarized in Table 7.7). In particular, we found values 

of 5 mg/mL for both MIC90 and MBC against E. coli and 1 and 5 µg/mL for MIC90 and MBC 

against K. rhizophila, respectively. 

 

Table 7.7 – MIC90 and MBCvalues of Ag composites against E. coli and K. rhizophila. 

 E. coli K. rhizophila 

Ag source MIC90 (µg/ml) MBC (µg/ml) MIC90 (µg/ml) MBC (µg/ml) 

Ag acetate 5 5 0.5 0.5 

Ag+-amCD3 5 5 1 1 

FPR Ag/amCD3 5 5 1 5 
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The quantitative data of MIC90 and MBC values obtained for FPR Ag/amCD3 towards E. coli 

strain were identical to those measured for the control silver acetate or the Ag+-amCD3 not 

irradiated pre-complex. In the case of K. rhizophila, a slightly higher activity for Ag acetate and 

Ag+-amCD3 not irradiated pre-complex was observed with respect to FPR Ag/amCD3. This 

evidence could be explained considering the different composition of the cell wall of Gram 

positive and negative bacteria. Indeed, the higher amount of Ag+ ions present in the Ag acetate 

and Ag+-amCD3 systems, it could statistically favoured the Ag+ diffusion through the thicker 

peptidoglycane layer of the Gram positive bacteria. Then for the same reason the internalization 

of Ag/amCD3 nanocomposites could be a little bit disfavoured.  

It was already mentioned that the mechanism of bactericidal actions of AgNPs has been 

extensively studied and different mechanisms of toxicity have been proposed.361,363,364,380 These 

include bacterial cell membrane disruption, inhibition of respiratory enzymes, inhibition of cell-

wall biosynthesis, interaction with bacterial DNA and the ability to produce Reactive Oxygen 

Species (ROS). In all these events the capability of silver nanocomposite to release Ag+ by the 

AgNPs oxidation is fundamental to exert biological activity.362,367,370-372,375  

In any case the obtained results suggest a considerable capability of Ag+ production from the 

FPR Ag/amCD3. It is worth stressing that MIC values for FPR Ag/amCD3 are similar or 

lower than those reported in other works against the same bacterial strains, ranging from 0.25 

to 100 µg/mL, in dependence of the capping agent and the AgNP size.359,361,383,389,390  

In particular, for AgNPs having a size similar to that of FPR Ag/amCD3, MICs against E. coli 

ranging from 10 to 75 mg/mL have been reported. On passing to K. rhizophila strain instead, 

the lowest AgNP MIC ever reported is as large as 4 mg/mL.391  

The possible combination of antimicrobial activity of AgNPs and antibiotic molecules has been 

explored giving interesting results whenever the combined system showed improved 

efficacy.385,392,393 Then taking into account the peculiar structure of Ag/amCD3, which can 

function as a potential supramolecular carrier, it was decided to test its possible interaction with 

ampicillin (amp). In particular, amp was chosen due to its already observed synergistic effect 

when combined with AgNPs against E. coli strains. The ability of amCD3 to bind amp was 

positively assessed by means of polarimetric measurements (see Experimental section for 

details), which allowed to estimate for the amCD3-amp complex a stability constant as large 

as 650 ± 100 M-1 (Figure 7.15).  
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Figure 7.15 – Trend of δϑ vs vi/V0 for the inclusion of amp. 

Then, considering the resulted value, a quite stable inclusion complex is formed between 

amCD3 and amp. Thus, amp was added to both the Ag+-amCD3 pre-complex and the FPR 

Ag/amCD3 composite in a 1:1 weight ratio, and the resulting complexes were subjected to tests 

to evaluate its antibacterial activity (Table 7.8). 

Table 7.8 – MIC90 and MBC values of Ag - amp composites against E. coli and ampR E. coli. 

 Ag source MIC90 (µg/ml) MBC (µg/ml) 

E. coli 
Ag+-amCD3 + amp 1 1 

FPR Ag/amCD3 + amp 1 1 

ampR E. coli 

Ag acetate 5 5 

Ag+-amCD3 5 5 

FPR Ag/amCD3 5 5 

Ag+-amCD3 + amp 10 10 

FPR Ag/amCD3 + amp 5 5 

 

The antimicrobial assays performed on E. coli revealed a 5-fold improvement of bacterial-

growth inhibitory and bactericidal activity for the both systems. This result is particularly 

interesting, because the amount of amp used is significantly smaller as compared with other 

works,394 and is at least one order of magnitude lower than the MIC and MBC values against 

E. coli strain calculated in this study (i.e. 10 and 25 µg/mL, respectively). In particular, the 

MIC value is in agreement with the one reported in literature for the same strain.395,396 Further 

control tests (using also the others Ag source as comparison) were performed with an E. coli 

strain which expresses a β-lactamase gene bla, contained in a high-copy number DNA vector 

plasmid and conferring high level of amp resistance (more than 100 µg/mL). In particular, FPR 

Ag/amCD3 + amp MIC90 and MBC values against the ampR E. coli strain resulted comparable 

to the ones found for the FPR Ag/amCD3 alone. The latter result indicates that the 

improvement of antimicrobial activity is specifically due to synergistic action of the composite 

and amp. Noticeably, the FPR Ag/amCD3 + amp system showed increased activity as 

compared to FPR Ag/amCD3 even if sub-lethal amounts of amp were bound on the Ag 
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nanocomposite, suggesting that the antimicrobial activity of this system still resides in the 

activity of AgNP whereas the amp molecule can increase the affinity of AgNPs surface for the 

bacterial cell wall, as already proposed by Fayaz et al.392 Therefore, based on these 

considerations, the FPR Ag/amCD3 system exerts a powerful antibacterial efficacy and may 

have an applicability in those fields where antimicrobial capability is a desired feature. 

 

7.4 – Experimental section 

Instrumentation 

UV-vis spectra were recorded on a Beckmann DU 800 spectrophotometer. FT-IR spectra (2% 

in KBr) were acquired on a Bruker VERTEX 70 apparatus. TEM micrographs were acquired 

using a JEM-2100 (JEOL, Japan) electron microscope operating at 200 kV accelerating voltage. 

A drop of each suspension was put onto a 3 mm Cu grid “lacey carbon” for analysis and let the 

solvent to complete evaporation. Polarimetric measurements were performed on a JASCO P-

1010 polarimeter.  

 

Preparation of the Ag-amCD composites. 

A stock solution of ammoniacal Ag acetate 15 mM was prepared as follows: 250.3 mg of salt 

(0.15 mmoles) were dissolved in distilled water (ca. 50 mL); then a slight excess of NH3 1 M 

was added dropwise until the solution turned perfectly clear, and the volume was finally 

adjusted to 100 mL with distilled water. The solution can be stored indefinitely in the dark. In 

parallel, a stock solution of amCD 6 mN was prepared by dissolving the proper amount of each 

amCD in 20 mL of distilled water. 

In order to prepare the AP Ag-amCD nanocomposite, 1.8 mL of water, 200 L of ammoniacal 

Ag acetate 15 mM solution and 1.0 mL of amCD 6 mN solution were rapidly mixed in a screw-

cap vial. The carefully closed vial containing the solution was accommodated in a box having 

the inner walls covered in tinfoil, and exposed for 10 min to the light of a common 50 W halogen 

lamp placed at a distance of 12 cm. The resulting amber red solution was immediately stored 

in the dark. The C Ag-amCD precipitated composite was obtained by subjecting a freshly 

prepared sample of AP Ag-amCD to centrifugation at 14000 rpm for 30 min. Then, the clear, 

almost colourless supernatant liquor was carefully decanted and the brown residue was 

lyophilized overnight.  

The FPR Ag-amCD system was prepared by subjecting 1 mL of freshly prepared AP Ag-

amCD pseudo-solution to centrifugation at 14000 rpm for 30 min in an Eppendorf vial. The 
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mother liquors were carefully pipetted, and replaced with 1 mL of fresh water. The system was 

then subjected to sonication using a Sonics and Material inc. Vibra cell sonicator for 10 s. 

 

Polarimetric determination of the amCD3-amp binding constant. 

According to the standard procedure reported in literature,100,101 stock solutions of amCD (2.5 

mM) and amp (150 mM) were prepared by dissolving the proper amounts of substance in pure 

water. Samples were prepared by adding different micro-amounts (from 0 up to 150 L) of the 

guest amp solution to 3 mL of the host amCD solution. Then, the optical activities of the 

samples were measured. Because the chiral guest amp possesses a non-null optical activity, 

regression analysis of polarimetric data was accomplished by means of the proper equation 

derived analytically (which is a generalization of the Eq. (3.3), pag. 38): 
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   (7.1) 

where, for the generic i-th sample, i and 0 are the optical rotations measured for the sample 

and the pure host solution respectively, vi is the volume of amp added, V0 is the volume of 

amCD solution, G is the molar optical rotation of the guest, H0
0 and G0

0 are the analytical 

concentrations of the host and guest solutions respectively,  the differential molar optical 

activity for the complex, K is the binding constant to be determined. 

 

Microbiological assays. 

Microbiological assays were performed using E. coli K12 DH10B and K. rhizophila ATCC 

9341 as Gram-negative and Gram-positive tester strains, respectively. The amp resistant strain 

was obtained by transformation of chemically-competent E. coli K12 DH10B cells by using the 

high-copy number plasmid pUC19 (Invitrogen), which carries the bla gene encoding a -

lactamase, according to supplier instructions. 

Agar diffusion tests were performed using 5 mL of soft-agar - i.e. 7.5% (w/v) bactoagar in Luria 

Bertani (LB) broth - containing 108-109 bacteria cells (colony forming units or CFU) of tester 

strain. A range of concentrations (corresponding to 1, 0.1, 0.01 and 0.001 µg of total Ag) of the 

AgNP composites were directly spotted on an overlay of bacteria on agar plate. Growth 

inhibition halos from at least three independent replicas were observed after overnight 

incubation at 37 °C. 
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In order to gain a quantitative assessment of the antimicrobial activity, MIC and MBC values 

were calculated. In particular, different suspensions of 1 mL LB broth containing each tester 

strain at the concentration of 106 CFU mL-1 were incubated in sterile 24-well plates (37°C, 200 

r.p.m. in orbital shaker) with different amounts of total Ag (0.1, 0.5, 1, 5, 10, 20, 50 and 100 μg 

mL-1). Untreated bacterial cultivations were used as reference control condition. Each 

cultivation was performed in parallel triplicates. After 24 h of incubation, the MIC and MBC 

values were evaluated. The MIC was determined spectrophotometrically as the lowest 

concentration that inhibited the 90% of bacterial growth (MIC90) in the respect of untreated 

cultivation in terms of OD measured at 600 nm. The MBC, defined as the lowest concentration 

causing a 99.9% decrease of the starting CFU, was determined by plating and incubating 100 

μL from serial dilutions of cultures on LB-agar plates overnight at 37°C for CFU counting. 

Statistical test (one way ANOVA) was performed to asses significance (p < 0.05 or p < 0.01) 

of spectrophotometric measurements (OD values) and viable cell count (CFU values) by using 

XLSTAT software (Addinsoft). Each measurement was obtained by three biological and 

technical replicates. 
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- 8 - 

GOLD NANOPARTICLE-MEDIATED 

ACTIVATION OF -GALACTOSIDASE BY 

PHOTOTHERMAL CONVERSION 
 

 

 

8.1 - Light to heat conversion properties of AuNPs  

 

Gold nanoparticles (AuNPs) are one of the most representative members of metal nanoparticles 

class, owing to their peculiar physico-chemical properties. The most remarkable properties of 

Gold Nanoparticles are their surface plasmon-derived optical characteristic, the strong affinity 

for sulphur-containing capping agent (which enabling their easy surface functionalization) and 

their biocompatibility. All these characteristics have allowed the use of AuNPs in diverse 

application fields.397 In particular, the biomedical field has been one of the most affected by 

AuNPs based nanotechnology. For instance, AuNPs have been widely used as drug/biological 

material delivery systems, for bioimaging or photothermal therapy.264,398 The latter use, in 

particular, takes advantage from the peculiar characteristic of nano gold to absorb and 

efficiently convert light into localized heat, which in turn is used for the release of 

drug/biological molecules or for the thermal destruction of cancer cells. The ability of Metal 

NPs and in particular AuNPs, to convert light to heat, relies on their characteristic low optical 

quantum yield, namely the inability to work as light emitters. Hence, almost the whole amount 

of absorbed light is converted into heat.387 As a result, the dissipation of generate heat outside 

the AuNPs structures leads to a temperature increase of the surrounding medium. This effect 

acquires more importance as the wavelength of the interacting light is near to the surface 

plasmon band of nanoparticles used, namely the resonance frequency leading to the 

simultaneous motion of a higher amount of electrons. Consequently, the right frequency to 

match the SPR band and then obtain a higher amount of heat, is related to the dimension and 

shape of AuNPs.399,400 In particular, spherical nanoparticles of rising dimension or moving 
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toward different shaped AuNPs as nanorods (AuNRs), it has been observed a progressive 

bathocromic shift of the SPR band.  For example, many papers report the use of AuNRs to 

carry out photothermal treatment, due to the capability of them to absorb in the near-infrared 

(NIR) region (690-900 nm) also known as “water window”. The great advantage to work in this 

region is related to the transparency of biological systems to NIR radiation, enabling a deeper 

penetration of the radiation into the biological tissues and the entire conversion of light to heat 

without interferences.401,402   

Although heat formation is characterized by a straightforward mechanism, the determination of 

temperature variations at nanometric level is not so easy. Indeed, these have been usually 

evaluated by indirect ways, for example by following the phase transformation of a surrounding 

matrix around AuNPs, as ice or polymer matrixes.403,404 However, by theoretical calculations 

and experimental determinations it has been seen than the amount of generated heat is related 

to the light intensity used which in turn is related to the surface area of AuNPs exposed to light. 

Therefore, it has also been established that the temperature increase is proportional to the radius 

squared of NP. Moreover, the amount of generated heat, and the consequent increase of the 

temperature, is directly correlated to the overall number of NPs.387  

The heat generated by AuNPs could be in principle used for the thermal activation of 

biochemical reaction, with the advantage to have a remote control on the process by the use of 

light.398,405,406 As a matter of fact, the use of a proper light source enable turning on or off the 

process, using an external stimulus. This could be of great importance in all the biotechnological 

process involving enzymes, which work at different range temperature (related to the type of 

enzymes), in order to achieve the highest activity. The association between AuNPs and an 

enzyme would enable it to activate the enzymatic reaction providing the need heat at molecular 

level by simply using a selected light radiation which can be tuned using properly shaped 

AuNPs, in order to match their SPR absorption with the desired light radiation. In such a way 

it is not necessary the warming up of the whole reaction mixture, with the advantages to save 

energy and to avoid thermal deterioration of substances, a crucial point in the enzymatic process 

of the food industry.  

Albeit the presence of a lot of work dealing with the interaction of AuNPs with enzymes to 

modulate their activity, only few example exist related to the use of light to heat conversion 

ability of AuNPs to activate enzyme conjugated to them.407  

In the present work it has been investigated the thermal activation of -Galactosidase 

conjugated by supramolecular interaction with heptakis-(6-deoxy)-(6-thiol)-βCD - capped 

AuNPs, performing the irradiation of the systems by a laser light with a wavelength near to 
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SPR absorption of AuNPs. The activity of β-Galactosidase (βGal) was assessed 

spectrophotometrically following the formation of o-nitrophenate (ONP) derived from the 

hydrolysis of o-nitrophenyl-β-Galactopiranoside (ONPG), used as artificial substrate. 

 

8.2 - Results and Discussion 

The first step of the work was the synthesis of water soluble AuNPs capped with heptakis-(6-

deoxy)-(6-thiol)-βCD (βCD(SH)7) following the protocol previously reported by Kaifer et al.62 

(Scheme 8.1).  

 

Scheme 8.1 

In particular, the synthesis of βCD(SH)7-capped AuNPs was carried out in a one pot process 

by direct reduction of a HAuCl4 DMSO solution with NaBH4 in presence of βCD(SH)7. The 

formation of AuNPs is clearly highlighted by the intense colour variation of the reaction 

mixture, which turn from yellow to dark upon NaBH4 addition. The synthesis of AuNPs was 

carried out using two different Au3+/βCD(SH)7 equivalent ratios, namely 1:1 for A systems and 

1:0.4 for B systems. After purification the resulted AuNPs were spectrophotometrically 

characterized recording the UV-vis spectra of a 1mg/mL solution of each system. (Figure 8.1). 

Figure 8.1 – UV-vis spectra of βCD(SH)7-capped AuNPs. 

The resulted λmax for A and B systems are 497 and 502 nm respectively, accounting for the 

presence of AuNPs with an average diameter around 3 nm for each system, in agreement with 

those reported in literature. Obviously the AuNPs of B system are slightly bigger with respect 

to those of A system.   
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In order to evaluate the ability of these nanoparticles to activate an enzymatic process, under 

light irradiation, as target enzyme β-Galactosidase was chosen. β-Galactosidase (βGal) is a 

tetrameric hydrolase which catalyses the hydrolysis of β-galactosides, by cleavage of the β-

glycosidic bond.  

For the best exploitation of the heat generated by AuNPs is necessary to conjugate in an easy 

and stable way the enzyme on the AuNPs surface in order to reduce the distance and then the 

heat dissipation. To do this, a supramolecular interaction between AuNPs and polymer 

modified βGal (PM-βGal) was established.  More in detail, βGal was modified by linking to it 

an acrylamide based polymer, prepared in a previous work408 and constituted by three different 

monomers namely acrylamide, adamantyl acrylamide and acryloyl-6-aminocaproic acid. The 

polymer is characterized by an average molecular weight of 11600, a polydispersity index of 

2.2 and the presence of 8.1 adamantyl moieties on average per polymer chain. The presence of 

acryloyl-6-aminocaproic acid affords the anchoring site to link the polymer with the βGal by 

an amide forming reaction using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 

N-hydroxysulfosuccinimide (NHS) to activate the carboxylic group which becoming more 

electrophiles undergo the attack of the amino groups of lysine residues present on the enzyme 

surface (Scheme 8.2). 

 

Scheme 8.2 

On the other hand, the presence of adamantyl moieties enable to conjugate the PM-βGal with 

the βCD(SH)7-capped AuNPs by exploiting the formation of a supramolecular complex 

between adamantly groups and CD cavities on AuNPs. At this regard in necessary to remember 

that the adamantly group is one of the best guest know able to fit the βCD cavity giving very 

stable inclusion complex characterized by the greatest binding constant. 
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Prior to perform the conjugation with AuNPs, the βGal activity was assessed both before and 

after it had been grafted to the acrylamide-based polymer, in order to verify if the presence of 

the polymer could affect its activity. The latter one expressed as U/mg, estimates the capability 

of 1 mg of enzyme to produce 1 µmol of product per minute (U). In this case, the activity tests 

were carried out checking the quantity of ONP (recording its absorption at 420 nm) produced 

by a certain amount of βGal from the hydrolysis of ONPG performed at 40 °C per 5 min 

(Scheme 8.3). 

Scheme 8.3 

 

For pristine βGal and PM-βGal were found values of 274 ± 7 and 264 ± 5 U/mg respectively, 

then only a minor reduction in activity was undergo after βGal polymer modification. 

At this point, the conjugation (Figure 8.2) between AuNPs and PM-βGal was carried out using 

such amount of AuNPs and PM-βGal in order to have a final concentration of 100µg/mL and 

1µg/mL respectively. In particular, it was decided to use the A system of AuNPs due to the 

higher presence of βCD(SH)7 which can afford more interacting site between AuNPs and PM-

βGal. The conjugation was then performed simply placing together the components and stirring 

the resulted system for 1 h at 25 °C.  

 

Figure 8.2 – Coniugated system AuNPs/PM-βGal. 

 

At this point in order to define if the light irradiation actually promotes the enzyme activation 

by means of AuNPs photothermal conversion, systems AuNPs/PM-βGal in presence of ONPG 
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were irradiated at different wavelengths ranging from 400 to 800 nm, using systems without 

AuNPs as reference. In particular, each system was conceived in order to have a βGal 

concentration of 0.5 µg/mL and a ONPG concentration of 20 mM. After its preparation on 

eppendorf tube, each system was cooled in an ice bath and placed at a distance of 3.5 cm from 

the light source namely a laser with a power of 500 mW.  

 

 

Figure 8.3 – Irradiation (30 min) at different wavelength of system with and without AuNPs. 

 

As it is apparent from the result depicted in Figure 8.3, these assays provided with evidence of 

the thermal activation on the enzymes by means of AuNPs, upon light irradiation. The activity 

of the systems in presence of AuNPs is higher at all the wavelength used, although the best 

activity was obtained by irradiation at 501.3 nm i.e the one matching to the SPR absorption of 

the AuNPs used. It is worth mentioning that in any case the activity is lower rather than that 

one observed by thermal activation of PM-βGal. This can be clearly understood considering 

that the low temperature of the bulk medium reduces the mobility of enzyme and ONPG (also 

due of an increased solvent viscosity), and then their effective collisions, with the result of a 

drops in activity.  

Another curious finding was the increase in activity in presence of AuNPs also without 

irradiation, this has given some doubt about the effective role of AuNPs, which other to locally 

warming up the conjugated enzyme, could be promote the ONPG hydrolysis, or maybe ONPG 

itself could be easily hydrolysed upon irradiation.  

In order to verify this hypothesis, the same systems previously used, but without enzyme were 

irradiated in the same conditions. 
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Figure 8.4 – Irradiation of the systems without enzyme. 

 

As it is clearly depicted in Figure 8.4, no difference in absorbance can be found between the 

irradiate systems and those not irradiated; thus no contribution of gold or light mediated ONPG 

hydrolysis occurs. Moreover, the differences in absorbance between systems with and without 

AuNPs is due to their proper absorbance, which was considered and subtracted in the previous 

determination. 

Curiously, this behavior was also observed during routine activity assays performed by 

common thermal test to check the time stability of PM-βGal, with and without presence of 

AuNPs, and to have a reference of the highest activity achievable of the systems before of each 

set of proves.  

 

Figure 8.5 - Activity of systems over different days, performed by heating at 40 °C. 
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As a matter of fact, even by conventional heating at 40 °C the activity of PM-βGal in presence 

of AuNPs was higher in every case with respect free PM-βGal (Figure 8.5). Then, proceeding 

with other irradiation experiments, it seemed interesting to investigate this phenomenon.  

In order to evaluate if the rise in activity is due to a real effect of AuNPs on βGal, such to 

improve their ability to hydrolysed ONPG, it was necessary to verify if AuNPs could in some 

way distort the real activity by secondary effects not involving βGal. After the elimination of a 

possible contribution given from irradiation, it was considered the possibility that an interaction 

of formed ONP or the ONPG itself with AuNPs could cause an hyperchromic effect on the 

recorded absorbance resulting in an overestimation of the real activity. The first test was to 

record the absorption spectra of systems prepared using the same amount of AuNPs and 

different ONP concentration (in presence of K2CO3 used to stop the enzymatic reaction and 

keep the ONP in its deprotonated form) (Figure 8.6). 

 

Figure 8.6 – UV-vis spectra of AuNPs in presence of different [ONP] (left); UV-vis spectra of AuNPs by 

subtracting ONP contribution (right). 

By subtracting the contribution given by ONP to the absorption spectra of AuNPs it was 

possible to see as there is no influence between AuNPs and ONP, and the same thing was found 

in the case of ONPG. 

Another considered possibility it was the change in the absorption spectra on AuNPs upon 

supramolecular interaction with PM-βGal, but also in this case no particular change was 

observed (Figure 8.7). This has given also an experimental prove of the supramolecular 

interaction between βCD(SH)7 capped AuNPs and PM-βGal, indeed on the other hand 

recording the absorption spectra of citrate capped AuNPs, in presence of PM-βGal was 

observed a strong variation on the colour of the solution and then in its spectra. 
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Figure 8.7 – UV-vis spectra of βCD(SH)7 –AuNPs/PM-βGal (left); UV-vis spectra of citrate capped AuNPs in 

presence of PM-βGal (right). 

This is due to the replacing of citrate capping agent on AuNPs surface, by the thiol groups 

present on the cysteine residues present on the enzyme structure, which could cause also a 

structural modification affecting its activity. Actually a signifier reduction of the activity of 

PM-βGal in the presence of citrate-AuNPs was observed with respect to the free PM-βGal.This 

provide a confirmation that the higher activity of PM-βGal in presence of βCD(SH)7 – AuNPs 

has to be found in the structure on these particles. 

All these results enabled to formulate a possible hypothesis in order to explain the higher 

activity on the enzyme in presence of AuNPs. This relies on the idea that the presence of CDs 

on the AuNPs surface can partially complex ONPG, by including its nitrophenyl groups. 

Moreover, the nitrogroup can directly interact with the AuNPs surface. In both cases this ability 

of the AuNPs to intercept ONPG molecules, it could allow them to act as a reservoir of 

substrate for the enzymes present on their surface. The labile interaction between ONPG and 

the CD cavity, or the gold surface, provides to the enzyme with a large availability of easy 

accessible substrate, the concentration of which is virtually enhanced. Therefore, the favoured 

diffusion of the substrate toward the enzyme results in an increased activity.    

In order to obtain a partial and indirect prove of this hypothesis, activity assays were repeated 

using a different substrate namely lactose. Lactose should not be included by cyclodextrin 

cavities, owing to its hydrophilic character and do not interact with gold surface as well. The 

enzymatic ability of βGal to hydrolyse lactose was assessed monitoring the reaction by the use 

of an electronic device commonly used to check the glucose blood concentration. 

Unfortunately, this device is not able to check the glucose concentration in aqueous media. 

Therefore, it was not possible to use an aqueous lactose solution. The problem was 
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circumvented using milk as medium containing lactose, in order to have a qualitative estimation 

of the different activity of PM-βGal with and without AuNPs. In particular, the assays were 

carried out using the same systems of PM-βGal with and without AuNPs, but replacing the 

ONPG with the same volume of milk. The resulting systems were left under stirring at 40 °C 

(following the glucose formation checking its concentration each 5 min) (Figure 8.8). 

 

Figure 8.8 – Activity of PM-βGal with (red line) and without gold (blue line) using milk as substrate.  

In this case the glucose formation and then the lactose hydrolysis is higher for the free PM-

βGal. Then in this case the presence of PM-βGal on AuNPs can reduce its activity owing 

competition of spatially close enzyme, which cannot take advantage by the substrate supply by 

the AuNPs surface as supposed in ONPG case. 

The contribution of the irradiation to the enzymatic process, was carefully investigated, by 

determining the kinetics parameters commonly used to characterize the catalytic ability of an 

enzyme. Its mechanism of action can be described by a Michelis-Menten type kinetic, namely 

its Vmax and Km under given conditions. Vmax is the highest speed at which an enzyme can work 

and is reached when all the enzyme molecules are complexed with substrate molecules and the 

concentration of free enzyme is negligible. Km or Michaelis constant corresponds to the 

substrate concentration at which half of Vmax is reached or, as the substrate concentration at 

which half of the enzyme active sites are filled with substrate molecules. Indeed, it is also 

considered as a measure of the dissociation constant enzyme-substrate, because to a higher Km 

value correspond a weaker enzyme-substrate complex. 

The kinetic assays were performed at ca. 0 °C, using systems with increasing concentrations of 

ONPG (from 1mM to 20 mM), following the kinetic for 1 h, by the absorption at 420 nm, of 

an aliquot of the system picked up each 5 min. In particular, four different kinetics for each 

ONPG concentration were carried out, 
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The couple of systems labelled A and B are related to systems with and without AuNPs 

respectively, subjected to laser irradiation; whereas those labelled C and D refer to the same 

former systems, but which kinetics is carried out in the dark without irradiation.  In such a way 

it was possible to have a double reference system, taking into account the effect due to 

irradiation with and without presence of AuNPs.  

From the trend obtained by the kinetics at different ONPG concentrations, the variation of Vi 

were calculated considering the first linear portion of each kinetic, in which the substrate 

concentration is highest and all enzyme molecule can be considered complexed and then work 

at the maximum speed.  

 

Figure 8.9 – Trend of Vi vs [ONPG] (left); trend of 1/Vi vs 1/[ONPG] (right) 

After that as shown in the Figure 8.9, using the method of the double-reciprocal by plotting 

1/Vi vs 1/[ONPG] it was possible to obtain Km and Vmax from the slope and intercept of the 

resulted linear trend, which results are summarized in the Table 8.1. 

Table 8.1 – Michelis-Menten parameters of the kinetics 

[ONPG] M System (A) System (B) System (C) System (D) 

Km/Vmax 8642.6 12164 9939.5 19006 

1/Vmax 4.01·10
6

 5.31·10
6

 4.92·10
6

 4.66·10
6

 

1/Km 4.64·10
2

 4.36·10
2

 4.95·10
2

 2.45·10
2

 

Vmax (M*s-1) 2.49±0.13·10
-7

 1.88±0.09·10
-7

 2.03±0.11·10
-7

 2.14±0.11·10
-7

 

Km (M) 2.15±0.11·10
-3

 2.29±0.12·10
-3

 2.02±0.11·10
-3

 4.08±0.21·10
-3

 

 

The analysis of the trend related to Vi vs the ONPG concentration, and also the slightly higher 

Vmax value of system A with respect to the B system, give a first prove of concept of the AuNPs-

mediated thermal activation of βGal at low temperature under light irradiation. However, the 

data do not show strong enhancement in activity and often are not so easy to rationalized as for 

example in the case of Vmax related to C and D systems, namely not irradiated systems, which 
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are closer to the Vmax of system A. On passing to the Km values the data related to A and C 

systems, namely those in presence of AuNPs, have a slightly lower values with respect to the 

others, suggesting a more stable interaction between enzyme and substrate in presence of 

AuNPs, which could be interpreted as a partial confirmation of the supposed ONPG - AuNPs 

surface interaction. Nevertheless, also in this case the observed differences are fairly low and 

then, variation due to random fluctuation cannot be excluded a priori. As matter of fact, the 

absence of marked variation could be due to several factor, which might affect the kinetic 

process, and can be divided from one side in the nature of the component of systems used and 

in the other side on the setup used to carry out the kinetics. 

Regarding to the first aspect the use on AuNPs with a diameter of few nanometers can reduce 

their ability to convert light in localized heat, which as stated before, increase with the second 

power of AuNPs radius. Moreover, the use of βGal as target enzyme, which possesses a certain 

extent of activity at low temperature as well, could cause a progressive increase in activity upon 

little increase of temperature, due to the AuNPs hiding its real enhancement effect. In the case 

of thermophilic enzymes indeed, the presence of a threshold temperature which enable its 

activation, highlights the thermal contribution of AuNPs boosting the enzyme activity as it was 

recently shown by Wong et al., which have studied the AuNPs-mediated light activation of 

Aeropyrum pernix glucokinase as model thermophilic enzyme.407  

On passing to the set up used to performing the kinetics, the main aspect that can be considered 

are the irradiation power and the temperature of the bulk medium. Indeed, the irradiation power 

used, around 16 W/cm2, it could not be enough to establish the necessary thermal gradient to 

activate the βGal on the AuNPs surface or, keeping in mind the low temperature of the bulk 

medium, a rapid dissipation of the formed heat could occur joined with the reduction of ONPG 

diffusion as previously depicted. Finally, another important aspect to take into account is that 

would be necessary to perform the kinetics for a longer period of time, indeed as it is possible 

to see in Figure 8.9 the curves of Vi vs ONPG do not never reach a plateau, indicating that the 

enzyme is not working at the highest velocity.  

 

8.3 - Experimental section 

Synthesis of βCD(SH)7 capped AuNPs  

The βCD(SH)7 was prepared and purified according to literature.409 AuNPs capped with 

βCD(SH)7 were synthesized following the one pot process reported by Kaifer et al.62 In 

particular two systems A and B with a different Au/βCD(SH)7 equivalent ratio, namely 1:1 and 

1:0.4 were prepared. In a round bottom flask of 100 mL, 60 mg (1.52·10-4 mol) of 
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HAuCl4·3H2O were solubilized with 20 mL of DMSO. To the resulted yellow solution, 20 mL 

of soon before prepared DMSO solution containing the proper amount of βCD(SH)7 and 75.5 

g (2·10-3mol) were quickly added. The solution turns instantaneously to a dark brown-purple 

pseudo-solution, which was left stirring at r.t.  

After 24 hours, the solution was centrifuged for 5 min at 4000 rpm and the resulted pellet of 

AuNPs was washed twice with 30 ml of DMSO/CH3CN 1:1 and 30 ml of EtOH, then AuNPs 

were collected by centrifugation for 15 min at 4000 rpm and dried under vacuum at 60 °C 

overnight. At the end for system A and B, 66 mg and 51 mg of a dark powder were obtained. 

 

β-Galactosidase purification 

β-Galactosidase was obtained by dialysis of Aldrich Lactozyme solution. In particular, 10.5 mL 

of this solution was dialyzed at 4 °C using a 10 kDa CO membrane in 2 L of K2HPO4 0.1 M, 

NaCl 0.1 M, MgCl2 5 mM buffer pH 6,5 for 21 h, changing the buffer after 15 h. At the end of 

dialysis 16.07 mL of βGal solution were collected, which concentration (4.1 ± 0.14 mg/mL) 

was assessed by Bradford method using BSA as reference. 

 

Acrylamide based polymer (AP) - βGal conjugation (PM-βGal) 

In a 100 mL round bottom flask, 20.2 mg (1,74·10-6 mol) of AP was solubilized using 20 mL 

of MES buffer (2-(N-morpholino)-ethanesulfonic acid, 5mM, pH 6.1), then to the clear solution 

obtained, 8.2 mg (4.2·10-5mol) of EDC and 21.8 mg (1·10-4mol) of NHS were added under 

stirring. The solution was left stirring at r.t. for 15 min. After that the recovered solution (19.9 

mL) was dialyzed at 4 °C using a 3.5 kDa CO membrane in 2L of MES buffer pH 6 for 4 h, 

changing the buffer after 90 min. After dialysis 20.7 mL of activated AP were recovered. It’s 

necessary to use the activated MEP as soon as possible after dialysis to reduce hydrolysis 

process. 

To 207 µL of this solution were added 2 mL of a βGal solution 4.1 mg/mL then the same total 

volume of phosphate buffer 0.1 M, pH 7.5 was added. The resulting solution (that should have 

a pH near 7) was left stirring for 2 h at r.t. Whereupon the solution was dialyzed at 4 °C using 

a 10 kDa CO membrane in 2 L of K2HPO4 0.1 M, MgCl2 5 mM buffer pH 7 for 20 h. 

After 13 h buffer was change and dialysis was continued for others 6 h; at the end 4.1 mL of 

PM-βGal solution were collected, and considering the starting amount (4.4 mL) it was assumed 

that haven’t been any volume variation after dialysis and the difference is only due to little loss 

of solution during transfer. Then, the resulted PM-βGal solution should have a concentration of 

1.86 mg/mL. 
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β-Galactosidase activity assays 

The activity assays were carried out using systems with a final volume of 200 µL constituted 

by 100 µL of βGal solution and 100 µL of ONPG solution, both with the desired concentration. 

After the separate pre-warming at 40 °C for 2 min, the components were mixed and stirred at 

650 rpm for 5 min at the same temperature. At this point the reaction was stopped by adding 

200 µL of 1M Na2CO3 solution, and absorbance was measured at 420 nm, using a BioTeck 

Instruments Synergy H1 hybrid multi-mode Microplate reader. Then starting from the ONP 

concentration, calculated using an ONP standard curve as reference, and considering the 

amount of βGal used and the reaction time its activity was calculated. The same protocol was 

followed in the case on irradiated systems, with the difference that the systems, dive in ice, 

were irradiated for 30’ before to stop the reaction, with a green laser (equipment of an Accurion 

Ellipsometer Nanofilm_ep3, λ: 501,3 nm, distance of 3,5 cm), which considering the 2 mm 

diameters of the green spot above the surface of the sample have an irradiation of 16 W/cm2. 

 

Kinetics experiments 

The systems used for the kinetic assays, were designed in order to have a final volume of 1.4 

mL, in such a way to have enough sample volume to pick up an aliquot of 100 µL every 5 min 

for 1h to follow the [ONP] variation after addition of 100 µL of Na2CO3 1M and measuring 

absorbance at 420 nm. Each pair of systems with the same composition (A-C and B-D), which 

differ between them only for the exposition to irradiation, were prepared starting from the same 

stock solution, freshly prepared before each pair of kinetics. In particular, for the systems with 

AuNPs the stock solution was prepared by mixing 150 µL of AuNPs solution (type A; C: 

1mg/mL), 150 µL of PM-βGal (C: 10 µg/mL) and 1.2 mL of activity buffer (K2HPO4 0.1 M; 

MgCl2 5 mM; pH 6.5), in order to have AuNPs/PM-βGal 100/1(w/w) ratio. This system was 

then split to give two identical systems constituted by 700 µL of the stock system and 700 µL 

of ONPG solution at the desired concentration, in such a way to have a final PM-βGal 

concentration of 0.5 µg/mL. The kinetics of the two systems was carried out simultaneously 

(but with certain delay in order to avoid overlapping) with and without irradiation respectively. 

On passing to B and D systems, these were prepared following the same protocol with the 

difference that in this case the stock solution was prepared by mixing 150 µL of PM-βGal (C: 

10 µg/mL) and 1.35 mL of activity buffer. Obviously for each type of sample the corresponding 

blank, (constituted by AuNPs, activity buffer and ONPG for A and C systems, and by activity 

buffer and ONPG for B and D), were used. 
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CONCLUSIONS 
 

 

 

Polyaminocyclodextrins (amCDs) were synthesized following a straightforward protocol, 

relying on the nucleophilic displacement of bromine atoms on the cyclodextrin scaffold by the 

desired polyamine. The NMR and ESI-MS characterizations confirmed that each product is a 

mixture of differently substituted derivatives. Nevertheless, potentiometric titration enabled to 

determine the average composition on each mixture. Moreover, this particular feature was not 

at all an obstacle for the further use and application of amCDs derivatives.   

At this regard, it was first investigated how the polyamino pendants on the cyclodextrin scaffold 

could affect its ability to give host-guest complex both as free species and as structural 

constituents of hyper-reticulated polymers, i.e. nanosponge materials. In both cases, a set of 

diversely structurated guests was used. As long as the free amCDs are concerned, it was 

observed by polarimetric measurements that the inclusion process is affected by both the pH 

and the possible presence of electrolytes, and it is regulated by a balancing between the charges 

of the polyamine pendants and the guest as well. Then, in order to explain the observed trends 

it is necessary to consider the occurring Coulomb interactions and the conformational restraints. 

On passing to the amCD-based nanosponges, these systems were easily obtained by solvent-

free polymerization of amCDs with BrβCD, and were characterized by solid-state NMR, FTIR, 

DSC, porosimetry and potentiometric titration as well, in order to confirm their polymeric and 

compact structure. Even in this case, the absorption/sequestration properties are strongly pH-

dependent, indicating that Coulomb interactions related to the charge status of the polymer 

lattice and the guest as well mainly affect the absorption equilibrium. By contrast, data suggest 

that, because the cyclodextrin scaffold is quite stiffly blocked within the polymer lattice, 

sequestration properties do not benefit of the typical induced fit effect operating for free CDs. 

Indeed, it is worth noting that the sequestering of guest molecules tested occur exclusively at 

level of the cyclodextrin caviteis, as confirmed by solid state NMR of two guest-amCD 

composites. 
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The presence of the polyamine pendants obviously allows increasing the potential applications 

of these materials. The “external” binding abilities were preliminarily assessed towards a 

polyanion model molecule (alginate) and then towards a low molecular weight polynucleotide 

(pUC19). In particular, amCDs revealed a lesser binding ability for pDNA (as accounted for 

by the N/P values) if compared to the comparable policationic cyclodextrins in literature. 

Moreover, transformation assays performed on calcium competent (CaCO) E. coli cells showed 

that the presence of amCDs seems to hinder the uptake process rather than favouring it. 

Although the resulted data seem discouraging, it is necessary to highlight that the conformation 

of the pDNA can itself affect the interaction with amCDs, whereas in the case of the 

transformation assays the presence of Ca2+ in the E. coli competent cells can interfere with the 

amCD-pDNA complex.  

Another important feature of amCDs is their ability to act as capping agents for the stabilization 

of metal nanoparticles. Here this ability was exploited to prepare Ag/amCD and Pd/amCD 

nanocomposite systems, by following different synthetic protocols. First, two different 

Ag/amCD1 systems were prepared by chemical reduction of Ag+ using formaldehyde. 

Afterward these systems were used as catalysts for the NaBH4 mediated reduction of aromatic 

nitrocompounds, and a thorough kinetic study of this process was performed. The kinetic trends 

undoubtedly showed the presence of mixed kinetic order. This was rationalized considering the 

surface of the catalysts covered by several amCD layers, which can be partially removed from 

the catalyst surface upon reaction condition, as confirmed by UV-vis and TEM evidences. This 

event gives rise to differently covered region of the catalyst surface, which provide a different 

catalytic contribution. Experimental results were then rationalized conceiving a mechanistic 

scheme based on a modified Langmuir-Hinshelwood-type model. Moreover, the non-linear 

trends of the apparent kobs vs catalyst concentration were also rationalized taking into account 

the possible interaction between the nitrocompounds and both the amCD cavity and the AgNP 

surface. The obtained results show that the presence of a para electron-donating group on the 

organic substrate is necessary to carry out the reduction of nitro group, indicating that AgNP 

surface is indeed electrophilic in nature. Second, Pd/amCD systems were prepared and used as 

particularly effective catalysts for a model Suzuki reaction. Experimental results undoubtedly 

outline how the preorganization effect provided by the amCD has a highly positive outcome 

on the reaction course. Moreover, it is important to stress that the catalytic systems used provide 

an effective “homeopathic” catalysis to the process. 

Moreover, it was investigated the ability of amCDs to support the photochemical synthesis of 

AgNPs, in order to develop a more biocompatible synthetic protocol. The investigation 
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performed using different light sources, irradiation times and Ag/amCD ratios, showed that 

amCDs has a double role, namely acting both as capping agent and sacrificial reducing agent. 

In fact, together with a primary s.e.t. photoreduction process, also a secondary chemical 

reduction process is involved. This relied on the aldehyde species occurring upon amCD 

photodegradation, which provides a further reduction of Ag+ ions and allows the growth of the 

former metal nuclei. The best photoreduction efficiency was obtained for the Ag/amCD3 1:2 

systems upon 10 min irradiation using common halogen lamp. This type of light source, has 

revealed as the simultaneous presence of a green and NIR irradiation are necessary in order to 

support the first and second irradiation process respectively. The more biocompatible AgNPs 

obtained (due also to the use of silver acetate rather than the nitrate salt), were then exploited 

to investigate their antibacterial properties towards model Gram negative (E. coli) and Gram-

positive (K. rhizophila) strains. The resulted data have shown that the Ag/amCD3 system has 

antibacterial properties comparable to the free Ag+, which can be improved by the presence of 

ampicillin. Indeed, in the latter case a cooperative effect was observed. 

As a final remark, it is worth stressing that the amCDs investigated in this work, albeit not pure 

chemical individuals, have indeed shown almost limitless potential applicabilities. In 

perspective, it is possible to suppose that in a near future they might find further implementation 

both in the field of nanosized platforms for catalysis and biomedicine, as well as in the emerging 

area of nanosponges for both environmental remediation and drug delivery.  
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