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Water-soluble gold nanoparticles represent  an appealing scaffold for the preparation of 

robust and biocompatible bioconjugates. Indeed, many examples of gold nanoparticles-

bioconjugates as new materials in several fields as material science, biology and medicine have 

been reported in the literature. The organic monolayer protecting the metallic core plays a key 

role in determining the properties of the system as stability, solubility, and specific interactions 

with biological environment. 

The present thesis is focused on the functionalization of water-soluble gold nanoparticles 

in  order to develop new tools in diagnostics, drug-delivery and enhanced immuno-sensing. Gold 

nanoparticles protected by mixtures of ligands of different nature have been taken into 

consideration in the development of the three main projects of this thesis.

The first  project is about the synthesis of gold nanoparticles with a gold core of 1.7 nm 

suited for crystallization, in  order to perform diffractometric analysis aimed to  solve the structure 

of larger systems than that already reported and to find other geometries of the gold core. 

To this aim, gold nanoparticles protected by a monolayer of p-mercaptobenzoic acid have 

been synthesized, purified and characterized. The choice of an aromatic ligand with a carboxylic 

group imparts stability to the clusters and  plays a strategic role in crystals formation. 

Crystallization trials under a variety of different conditions and preliminary  observations about 

the stability of the nanoparticles are reported. Up to now suitable crystals for X-ray analysis could 

not be obtained. 

The second project is part of an  ongoing investigation of the morphological organization 

of the monolayer protecting gold nanoparticles in order to  complete previous studies carried out 

in  our research group. Recent results from our laboratories, obtained by ESR measurements, 

support the formation of “patches” domains in the mixed-monolayer of water-soluble gold 

nanoparticles when mixtures of perfluoroalkyl- and alkylthiolates are used to form the monolayer.  

The complexity  of these systems may also be increased  introducing functional  thiolates in the 

monolayer in a controlled topology. The preliminary results obtained so far should be completed 

with  other investigations using different  methodologies and supported by studies also on flat 

surfaces. Moreover, to understand the ability of the amphiphilic thiols to phase-segregate, we 

thought to study also micellar aggregates. The final goal is to use this phase-segregated 

monolayers to create clusters of functional thiols for multivalent recognition. 

Water-soluble gold nanoparticles coated by amphiphilic thiols of different lipophobicity 

have been prepared and characterized, and new ligands suited for the studies on micelles and on 

2D self-assembled monolayers have been designed and synthesized. The results of Electron Spin 
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Resonance (ESR), Scanning Tunneling Microscopy (STM) and  Atomic Force Microscopy (AFM) 

studies on these systems are reported and discussed.  

The third project is aimed to find new synthetic strategies to obtain biocompatible gold 

nanoparticles presenting multiple bioactive residues for multivalent recognition processes. In 

particular, a mimetic of the antigen GM3 Ganglioside Lactone with demonstrated antimelanoma 

reactivity was introduced in the monolayer of water-soluble gold nanoparticles for the 

development of a biological therapy against cancer. The preparation of nanoparticles of different 

size and loading of the antigen-mimetic is reported, together with their characterization  and the 

preliminary biological investigations. 
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Nanoparticelle di oro solubili in  mezzi acquosi  rappresentano una piattaforma ideale per 

la sintesi di bioconiugati stabili e compatibili con le cellule. Infatti la letteratura scientifica riporta 

molti  esempi di nanoparticelle di oro coniugate con biomolecole come prototipo di nuovi 

materiali applicabili in diversi ambiti tra cui la scienza dei materiali, la biologia e la medicina. Il 

monostrato organico  che protegge il nocciolo metallico riveste un ruolo fondamentale nel 

determinare le proprietà dell’intero sistema quali la stabilità, la solubilità e le eventuali interazioni 

specifiche con i sistemi biologici. 

    La presente tesi si focalizza sulla funzionalizzazione del monostrato di nanoparticelle di 

oro idrosolubili  finalizzata allo sviluppo di  nuovi  strumenti ad uso diagnostico, terapeutico, e con 

applicazione nel sensing immunologico. Nello sviluppo dei tre progetti  principali in cui la tesi si 

articola, sono state studiate nanoparticelle di oro protette da miscele di ligandi di natura diversa. 

Il primo progetto riguarda la sintesi di nanoparticelle di  oro aventi  diametro del gold core 

di  1.7 nm adatte alla cristallizzazione, al fine di effettuare un’analisi diffrattometrica che 

consentisse di risolvere la struttura di nanoparticelle di dimensioni maggiori rispetto a quelle 

riportate in  letteratura e di  individuare caratteristiche strutturali  quali ad esempio la geometria del 

nocciolo di  oro. A questo scopo sono state preparate nanoparticelle di oro protette da un 

monostrato composto da molecole di acido p-mercaptobenzoico, che sono state purificate e 

caratterizzate. La scelta di un ligando aromatico avente gruppi funzionali carbossilici conferisce 

particolare stabilità ai clusters e riveste un ruolo strategico nella formazione dei cristalli. Le  

prove di cristallizzazione in  diverse condizioni  sperimentali e alcune osservazioni preliminari 

riguardo la stabilità di queste nanoparticelle sono di  seguito riportate. Finora non è stato ancora 

possibile ottenere cristalli adatti per le analisi diffrattometriche.

Il secondo progetto è parte di  un’indagine rispetto alla morfologia del monostrato 

protettivo delle nanoparticelle di oro, finalizzata a completare studi già avviati nel nostro  gruppo 

di  ricerca. Recenti  risultati  ottenuti  nei nostri laboratori mediante misure ESR sono fortemente 

indicativi relativamente alla formazione di  domini a “macchie”  nel monostrato di nanoparticelle 

idrosolubili composto da miscele di tiolati alchilici e perfluoro-alchilici. Questi sistemi possono 

raggiungere un elevato livello di complessità mediante l’introduzione con controllo topologico di 

tiolati funzionalizzati. Il  completamento dei risultati preliminari mediante l’impiego di ulteriori 

tecniche e il  supporto mediante studi su superfici piane è un obiettivo di  primaria importanza. 

Inoltre, la comprensione del fenomeno di segregazione tra tioli anfifilici potrebbe essere agevolata 

da studi su sistemi di tipo micellare. L’obiettivo finale è l’applicazione di suddetta segregazione di 

fase nella realizzazione di  clusters con monostrati recanti tioli funzionalizzati per il 

riconoscimento multivalente. Sono state preparate e caratterizzate nanoparticelle di oro 
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idrosolubili protette da tioli anfifilici  aventi diversa lipofobicità, e sono stati progettati e 

sintetizzati nuovi ligandi adatti allo studio su aggregati di tipo micellare e su monostrati  bi-

dimensionali. I risultati ottenuti mediante Risonanza di Spin Elettronico (ESR), Microscopia a 

Scansione per effetto Tunnel (STM) e Microscopia a Forza Atomica (AFM) su questi sistemi  sono 

di seguito riportati e discussi. 

Il terzo progetto è finalizzato  alla realizzazione di nanoparticelle biocompatibili coniugate 

a molteplici unità di composti  farmacologicamente attivi per il riconoscimento multivalente. In 

particolare, un mimetico dell’antigene GM3 Ganglioside Lattone con testata attività antitumorale 

nei confronti di  cellule di melanoma è stato introdotto nel  monostrato di nanoparticelle di oro 

idrosolubili nello sviluppo di una terapia antitumorale di tipo biologico. La sintesi di 

nanoparticelle di varie dimensioni e con diversa composizione del monostrato organico recanti il 

mimetico di antigene, ed i risultati ottenuti dai primi test biologici sono qui di seguito riportati.      
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Introduction

 

1.1 Hybrid Organic-Gold Nanoparticles 

Gold  nanoparticles (AuNPs) are promising candidates for applications that range from 

electronics, to energy storage, to the development of labeling and imaging materials with 

applications in optical  and electrochemical  sensing, catalysis (mainly in oxidation processes), 

molecular recognition and construction of more complex nanostructured materials such as 

nanowires or semiconducting materials. Nanoparticles may also act as clinical diagnostics, 

carriers of biomolecules or nanosized drug-delivery systems (DDS) with application in 

biochemistry, biophysics and in the medical field.[1-8] 

AuNPs such as colloids and nanocrystals in the 1-50 nm size-range are the most 

intensively studied nanomaterials, and these systems show unique size-dependent chemical  and 

physical properties; one of the striking differences between AuNPs and the bulk gold is the high 

percentage of interfacial atoms with respect to  the total  number of atoms, that depends on the 

nanoparticle size.[7, 9] The smallest particles have the biggest surface-to-volume ratio, for example 

a 2.0 nm nanoparticle has 58% surface atoms and a 5.0 nm cluster presents only 23% of the total 

atoms on the surface. 

In “naked” nanoparticles it is possible to distinguish between the gold  atoms inside the 

particle, that are fully coordinated by neighbour metal atoms, and the gold atoms at  the surface, 

that are coordinatively highly unsaturated, interacting only with inner gold atoms and having free 

vacancies. The surface of AuNPs may be protected through passivation with self-assembling 

organic ligands, forming monolayer protected clusters (MPCs). Self-assembled monolayers 

(SAMs) on curved gold surfaces are key systems that  join the peculiar properties of the 

nanometric size metal and the protecting  molecules, that impart the solubility of the system and 

the possibility to  introduce functional  moyeties at the particle-solvent  interface (Figure 1.1).[1, 

10-13] 
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Figure 1.1  Schematic representation of a functionalized monolayer protected gold nanoparticle.

In the first part of this Chapter, the main strategies that can be used to fabricate AuNPs 

protected by an organic monolayer will be briefly described. Particular attention will be given to 

the methodologies utilised to  achieve water-soluble and functional particles. Following this, the 

most used characterization techniques, with recent studies on the monolayer’s morphology, and 

examples of applications of functional AuNPs in biomolecular recognition, will be reviewed.

1.2 Synthesis of Spherical Gold Nanoparticles Protected by Organic 

Ligands 

The fabrication of AuNPs with varying core sizes can be performed by two general 

methods: 1) formation of an organic monolayer around preformed AuNPs or colloids; 2) direct 

synthesis of AuNPs in the presence of organic capping agents such as thiols, amines, or 

phosphines. A variety of specific synthetic methods exist, and some of them are summerized in in 

Table 1.1.   

Preparation of gold colloids can be carried out  using citrate reduction of Au(III) salts in  water. A 

well known procedure was introduced by Turkevitch in 1951[14] and modified by Frens[15] and 

Natan[16] in 1973 and 1995 respectively, which leads to gold  colloids of 10-60 nm depending on 

the reaction conditions. The colloids are weakly stabilized by electrostatic interactions with citrate 

anions.

In 1994 Brust and Schiffrin reported a simple and versatile synthesis of AuNPs protected 

by  alkylthiols ranging in diameter between 1-3 nm that has had a considerable impact on the 
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overall field of NPs preparation. Gold nanoparticles protected by alkylthiols with  small dispersion 

and which could be easily handled  just as a simple large organic compound were obtained 

following a two-phase protocol.[17]  Briefly, AuCl4- is transferred from the acqueous to the organic 

phase of toluene using tetraoctylammonium bromide as the phase transfer reagent (Scheme 1.1).  

In this phase the alkylthiol  is added giving rise to the formation of the complex -Au-SR- with 

reduction of Au(III) to Au(I). Subsequent addition of NaBH4 reduces Au(I) to Au(0) determining 

the NPs formation. In such nanoparticles the organic ligand is chemisorbed on the gold surface 

and provides a physical barrier that keeps the metallic surfaces protected preventing aggregation. 

H+AuCl4
-

NaBH4Au
S

R n

RSH

toluene waterH+Br-

TOA+AuCl4
-

TOA+Br-

water toluene

Aup(SR)q

 

Scheme 1.1 Two-phase Brust’s protocol for the synthesis of MPCs protected by alkanethiols.[17]

 

As reported by Murray and co-workers, it is possible to  tune the size of the clusters by 

changing 1) Au:thiol molar ratio; 2) rate of reduction; 3) temperature at  which the reduction  is 

carried out.[18, 19] The Au:thiol  ratio  is the crucial factor in determining the average size of the 

clusters, while dispersion is more sensitive to rate and temperature of the reduction. Briefly, with 

1:2 Au:RSH molar ratios and rapid addition  (10 sec) of the reductant  at 0 °C small clusters, with a 

2 nm core, can be obtained; high Au:RSH molar ratios (e.g. 6:1) and slow addition (e.g. 30 min) 

of the reductant at room temperature allow the synthesis of bigger clusters, until a core diameter 

of about 5 nm. Size dispersion of the NPs decreases with the increase of the reduction rate. 

Precise control of the particle size is of great importance in the investigation of the size-

dependent physical and chemical properties of the nanoparticles. Thus, the success of AuNPs 

synthesis is mainly evaluated from the homogeneity of the material obtained, and many efforts 

have been made into precisely control the size of gold nanoparticles. This can enable, for 

example, the preparation of new materials. Indeed, the controlled fabrication of ordered 

assemblies of metal  nanocrystals represents a technological  goal of great practical  and 

foundamental interest that is only achievable in the presence of monodispersed material.[20-22] 

One of the strategies actually widely used to obtain homogeneous protected nanoparticles 

is the ripening approach, in which preformed AuNPs are subjected to a thermal treatment, and a 

remarkable uniform growth of small clusters occurs through sequential thiol desorption, gold core 
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coalescence and thiol re-protection over the bigger metallic cores (Scheme 1.2).  

Scheme 1.2 Schematic illustration of the core-shell reactivities in the thermally-activated size and shape 

evolution of thiolate-capped nanoparticles.[23]

Maye et al. reported the size and shape manipulation of alkanethiol-protected AuNPs by 

heat treatment from room temperature up to 180 °C, in solution.[23-27] During the heating process a 

color change of the NPs mixture is observed, suggesting the growth of the clusters, at a specific 

temperature; such temperature was found to be dependent on the chain lenght of the encapsulating 

thiolates, the size of the particles and the composition of the metallic core. Altough such treatment 

allowed the fabrication of highly monodispersed large particles ranging from 5 to 10 nm, few 

limitations had to be taken into consideration, for example, solubility of clusters in solution and 

boiling point of the solvent. 

In order to precisely control particle size-evolution over a wider range of conditions a 

solid state approach was proven to be favourable, as reported by Miyake and co-workers.[28, 29] 

The uniform growth of alkyl AuNPs was induced by heat-treatment  from room temperature up to 

150-250 °C in the presence of tetraoctylammonium bromide, without addition of solvent  (Figure 

1.2). Molten  TOAB is thought to serve as the effective solvent, and it was demonstrated to play a 

key role as protecting agent in the process because uniform growth of NPs was not  observed 

without TOAB molecules.   

Chapter 1

4



d = 3.4 ± 0.3 nm d = 5.4 ± 0.7 nm d = 6.8 ± 0.5 nm 

Figure 1.2 TEM images of dodecanethiol-AuNPs heat-treated at a) 150, b) 190 and c) 230 °C.[28]

For its simple and versatile feature, the application of this method is being considered 

concretely useful in obtaining exceptionally homogeneous material, as demostrated by recent 

works published by Rotello and co-workers.[30, 31]   

A different route for the synthesis of thiol-derivatized AuNPs which involve the 

preparation of PVP-protected NPs and subsequent  treatment with a solution of alkylthiols was 

reported by Carotenuto and co-workers.[32] It is worth mentioning also a recent paper by Brust  and 

co-workers, who reported the synthesis of AuNPs protected by a monolayer of a thioether-

terminated polymeric stabilizer, with the opportunity to subsequently introduce entering thiols in 

the monolayer.[33] This examples clearly point out how protected AuNPs can be prepared also by 

reduction of AuCl4
- in the presence of a polimeric stabilizer, with the function to avoid cluster 

sintering.[34, 35] 

Table 1.1 Synthetic methods and capping agents for AuNPs of different core sizes.

Core Synthetic methods Capping agents

10-60 nm Reduction of Au(III) salts with sodium citrate in water Citrate ions

1.5-5.2 nm Biphasic reduction of Au(III) salts with NaBH4 in the presence of 
capping agents or alkylammonium ions

Alkanethiols or TOAB

3.5-10 nm Heat-induced size ripening method Alkanethiols

1.5-7 nm Polimeric stabilization PVP
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Purification of monolayer protected AuNPs can be performed by precipitation, by 

repeated centrifugation, using size exclusion chromatography, by dialysis or by Soxlet extraction.

[36] Also examples of electrophoretic isolation are reported in the literature.[37-39] 

1.2.1 Synthesis of Water-Soluble Monolayer Protected Clusters (MPCs)

The quest for different synthetic approaches to AuNPs synthesis arises from the need for 

protected AuNPs soluble in polar and acqueous solutions. Thus, it is necessary to modify the 

classical methods and to develop new ones specifically for the case in study. Since the stringent 

need of nanoparticles that are highly soluble in physiological solutions, synthetic approaches with 

polar capping agents have been developed since 1995. Water-soluble monolayer-protected AuNPs 

represent an appealing synthetic scaffold for the creation of robust and biocompatible new 

materials with potential application in biology and medicine.  

In this Section, some representative synthetic approaches reported in the literature will be 

illustrated. 

In the first example, reported by Kiely and co-workers, the preparation of AuNPs coated 

by  p-mercaptophenol 1 has been carried out in a single phase system of methanol. The product 

was insoluble under neutral conditions, but it dissolved rapidly in alkaline acqueous solutions.[40] 

Later, the water-methanol  homogeneous phase synthesis of highly water-soluble glutathione-

protected AuNPs with high stability was reported by Wetten and co-workers.[37] Stable water-

soluble PEG-AuNPs were prepared by Murray and co-workers using a thiolated-PEG (MW 5000) 

polymer 3  that  did  not  exibit  ligand-exchange because of its tightness.[41] In another paper the 

same authors reported the synthesis of water-soluble NPs protected by tiopronin or by Coenzyme-

A, which solubility is pH-dependent.[42] 

A different approach is that reported by Ancona and co-workers, who used short ethylene 

oxide oligomers 4  as capping agents. However, the synthetic procedure is quite hard-working as it 

requires repeated exchange reactions with alkyl-AuNPs as starting material.[43] 
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H2N

H
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N
H

COOH

COOH

O

O

HS   

2

SH

OMe

  

PEG-OMe5000SH

3

O
O

SH
n   

4a n = 1 

4b n = 2 

4c n = 3

Figure 1.3 Some of the water-soluble ligands mentioned above: p-mercaptophenol 1, glutathione 2, 

PEG5000SH 3, polyethers 4 used by Ancona. 

A very interesting work in the quest for water-soluble MPCs appeared in 2002, when 

Brust and co-workers obtained water-soluble AuNPs protected by a monolayer of thioalkylated 

tetraethylene glycol chains with a gold core of 2-4 or 5-8 nm. Bigger NPs 7  were obtained by a 

two-phase procedure with primary stabilization by TOAB and subsequent introduction of thiol 6. 

The synthesis of 2-4 nm AuNPs 8 has been carried out in a single-phase system of water and 

methanol in the presence of thiol 6 (Scheme 1.3). This ligand comprises a hydrocarbon chain 

providing a tightly packed protective shield to the nanoparticle, and a polyoxoethylene chain 

which imparts solubility in water, therefore such NPs are as stable as alkylthiol-capped ones and, 

at the same time, highly water-soluble.[44]  

  

Au S O
O

OH
4 3

S
O

O OH

4
3

S
O O

OH
4

3

+

toluene, i-PrOH

HS O
O

O
O

HO

Au

N+

N+

Br-

Br-

5 6 7    d = 5-8 nm 

HAuCl4 +

CH3COOH, i-PrOH

NaBH4 MeOH
Au

S O
O

OH
4 3

S
O

O OH

4
3

S
O O

OH
4

3

HS O
O

O
O

HO

6 8    d = 2-4 nm 

Scheme 1.3 Synthesis of water-soluble AuNPs 7 and 8 reported by Brust.[44]
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A striking  strategy to achieve water-soluble AuNPs protected by an amphiphilic ligand 

was reported in 2003 by our research group.[45] The thiol used, called HS-C8-TEG 9 (Figure 

1.4a), was designed in order to impart  both stability close to the gold surface and solubility in 

acqueous media. The synthesis of this “model thiol” and of the related NPs, called MPC-C8-TEG 

will  be described in detail  in Section 3.1 of this thesis. Differently from Brust’s nanoparticles,[44] 

MPC-C8-TEG have the advantage to not bear the terminal  hydroxy group that may be involved  in 

undesired reactions, thus being an excellent scaffold for further functionalization by exchange 

reactions[46-48] and presenting good solubility properties both in acqueous and in organic solvents.   

An interesting screening on 36 commercially  available water-soluble thiolates has been 

performed by Kornberg and co-workers as regards their ability  to form water-soluble AuNPs. 

Over the whole examined ligands only 13 allowed cluster formation following the one-phase 

Brust protocol in a 1:1 water:methanol system. Among the prepared clusters, the most  stable were 

obtained with 3-mercaptopropionic acid, 4-mercaptobutyric acid, methionine, thiomalate and 4-

mercaptobenzoic acid.[49]

The first  example of water-soluble AuNPs protected by fluorinated amphiphilic thiolates 

has been recently  reported by our research group. The ligand designed in this aim is HS-F8-PEG, 

which comprises a short  poly(ethylene glycol) unit (PEG-OMe550), and a perfluorocarbon (CF2)8 

chain. This ligand is going to form a perfluorinated region close to the metallic surface and a 

hydrophilic PEG-portion in contact with the solvent  to  impart solubility in water. It is worth 

mentioning that the synthesis was carried out in homogeneous phase, using the sodium thiolate 10 

(Figure 1.4b), because of the low nucleophilicity  of the !-perfluorinated thiol. The solubility 

properties of these nanoparticles and the intrinsic features of perfluorinated NPs may open the 

way to possible applications of these systems such  as carriers of small organic molecules or 

radical species, or as contrast  agents in 19F magnetic resonance imaging. The potential of these 

new nanostructures is under active investigation in our laboratories. The synthesis both of the 

thiol and of perfluorinated NPs to study their peculiar properties are object of the present thesis; 

more details on this topic will be discussed in Section 1.5 and 3.1.[50] 
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Figure 1.4 Structure of the amphiphilic ligand HS-C8-TEG 9 and sodium thiolate 10 of HS-F8-PEG used in 

our synthesis of water-soluble MPC-F8-PEG.[45, 50]

   Highly water-soluble AuNPs coated with sodium 11-mercapto-1-undecanesulfonate 

(MUS, 11) were synthesized through a one-step reaction by Stellacci and co-workers. In this case, 

the choice of a ligand bearing a terminal sulphonate group determines the remarkable water 

solubility  of the nanoparticles. This ligand was demonstrated to confer solubility in physiological 

media also to  mixed-monolayer protected clusters (MMPCs) 12, protected by MUS itself and 

octanethiol (OT) at various ratios (Figure 1.5), thus allowing cell-internalization. Studies on this 

topic will be discussed in Section 1.5.[51-53]

 

a) SH S

O

O
O-Na+

  

11
 

b)

S S

O

O
O-Na+

S

S

Au

 

12

Figure 1.5. a) MUS 8; b) AuNPs protected by a mixed MUS/OT monolayer 9.[51]

Finally, a very recent paper of Mattoussi  and co-workers describes the efficient acqueous-

phase synthesis of AuNPs 14 using a modular bidentate PEG ligand with a terminal thioctic acid 

(TA, Figure 1.6a). Such ligand (compound 13) has been demonstrated to provide superior stability 

to  the NPs under high salt-concentrations, over a wide range of pHs and against dithiothreitol 
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(DTT) competition because of the synergism between hydrophilic nature of PEG chain and strong 

binding of the bidentate anchoring  group, the only limitation being in the chain orientation due to 

the intrinsic structure of TA (Figure 1.6b).[54]
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Figure 1.6 a) TA-PEG-OCH3 ligands of various chain lenght; b) water-soluble AuNPs prepared by Mattoussi 

and co-workers.[54] 
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1.3 Synthesis of Functional Gold Nanoparticles 

One of the most  attractive features of monolayer-protected AuNPs is the easy introduction 

of a wide variety of molecules bearing a thiolate moiety into the ligand shell. There are four main 

different strategies to achieve the functionalization: (1) direct synthesis, (2) ligand-exchange 

reaction, (3) postsynthetic modification of preformed NPs, (4) displacement  of weak ligands 

(Scheme 1.4).

a)

b)

c)

Scheme 1.4 Different approaches for the synthesis of functionalized AuNPs: a) direct synthesis; b) ligand-

exchange reaction; c) postsynthetic modification.

1.3.1 Direct Synthesis   

The chemical reduction of gold salts in the presence of a mixture of stabilizing agents to 

generate metal NPs, both in acqueous or organic media, is one of the most common and powerful 

synthetic methods in this field. In the direct synthetic approach, mixed-monolayer protected 
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clusters (MMPCs) are prepared in the presence of a blend of ligands (eventually functional-thiols) 

that should be compatible with the reducing agent  used and the reaction conditions, for example 

basic pH. 

As far as this approach is concerned, a further distinction based on the nature of the 

specific interaction between gold and the organic additives has to be made: whereas ionic 

surfactants interact weakly with the gold surface mainly via electrostatic interactions, organic 

ligands are chemisorbed on the gold surface. During the formation  of nanoparticles, surfactants 

interact with the surfaces of the particles in a dynamic equilibrium process. On the contrary, 

ligands that are chemisorbed to the surface of the particle are less prone to desorption compared 

to physisorbed ones, that can be easily replaced, for example, by blends of thiols.  

Recently a direct procedure to obtain mixed-monolayer water-soluble AuNPs under mild 

conditions has been published by Scrimin and co-workers, who focused their attention on the 

stabilization of NPs in environments compatible with  most biomolecules. Stabilization of the NPs 

occurs following a modified 2-phase protocol, where reduction occurs in the presence of 

dioctylamine as stabilizing agent; then passivation of dioctylamine-protected AuNPs 15  with 

thiols occurs, under very mild conditions (Scheme 1.5). Thus, this methodology takes the 

advantage to avoid degradation of functional  moieties sensitive to harsh reduction conditions, 

allowing the use of a wide range of functional  thiols. It also allows the introduction of mixtures of 

thiols with different compositions in the monolayer.[55] 
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Scheme 1.5 General procedure for the preparation of water-soluble MMPCs through dioctylamine 

stabilization reported by Scrimin and co-workers.[55]  
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1.3.2 Ligand-Exchange Reaction 

The ligand-exchange reaction, in which an incoming (eventually functional) thiolate 

ligand is incorporated  into  the monolayer of AuNPs by mixing the desired thiol and pre-formed 

homoligand protected NPs in solution, represents the most  used strategy for NPs functionalization 

because it  allows a wide variety of groups to be introduced in the monolayer, and to tune the 

composition of the protecting monolayer by  changing the ratio of entering and exiting thiols. This 

mild procedure occurs under neutral conditions and is particularly indicated with ligands bearing 

functional moieties that  can be easily degradated under the reaction conditions of the direct 

synthesis protocol.  

Murray and co-workers reported a deptailed study of the kinetics and the factors 

determining enhancement or inhibition of ligand-exchange processes.[56-60] Such studies 

highlighted that the ligand-exchange reaction proceeds in a 1/1  stoichiometry between incoming 

and displaced thiol  and does not  involve disulfides and oxidized sulfur species. The reaction  is 

initially rapid, and occurs at a higher rate on metal  core surface defects (vertexes and edges) with 

respect to the neutral area of surfaces; then it gradually slows down to an equilibrium, when less 

reactive terrace site ligands, more densely packed, are involved.[61] The rate of ligand-exchange 

depends also on the structure of the ligands as demonstrated by Rotello  and co-workers: it 

decreases with an increase in the steric hindrance in proximity of the thiol group of the incoming 

ligand and it increases in the presence of branched ligands.[62] 

Huo and co-workers have used this procedure to prepare monovalent AuNPs. They 

reported a solid phase strategy  to control the place-exchange reaction and to prepare AuNPs with 

only  one functional  group per NP by varying the functional group density on a solid support.[63, 64] 

Bifunctional thiol ligands with a carboxylic end group were first immobilized on a solid support 

such as polymeric Wang resin  with controlled density. Thiol  groups exposed from the polymeric 

resin undergo a one-to-one ligand-exchange reaction with buthanethiolate-protected AuNPs 16 

when the NPs and the resin are in solution; then, NPs are cleaved from the solid phase under mild 

acidic conditions, thus obtaining NPs 17, bearing a single carboxylic functionality in  the 

monolayer (Scheme 1.6). 
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Scheme 1.6 Solid-phase approach for the controlled functionalization of AuNPs reported by Huo.[63, 64]

1.3.3. Postsynthetic Modifications

Functional groups at the boundary  of AuNPs monolayer can undergo a variety of 

synthetic transformations by simple organic reactions. The earlier examples are the esterification 

of phenolic hydroxy groups bound to AuNPs with propionic anhydride,[40] SN2 reactions of !-

bromoalkanethiolate AuNPs with primary amines,[65] amide- or ester-forming coupling reactions 

for the functionalization of carboxylic acid terminated-AuNPs.[66, 67] 

In the last decade also ‘click  chemistry’ was demonstrated to be a simple and versatile 

approach to this purpose, in particular by 1,3 dipolar cycloaddition combining an alkyne and an 

azide to form a triazole ring in  the presence of copper salts.[68] For example, a library of 

substituted  terminal alkynes was immobilized onto azide-containing AuNPs by Weck and co-

workers under very mild conditions.[69] Alkyne-modified DNA strands were bound to AuNPs 

through a similar strategy as reported by Simon and co-workers (Scheme 1.7a).[70] Very recently, 

Astruc and co-workers reported on the optimization of the ‘click chemistry’ approach and 

overcame the problem of low yields of previous works.[71] 

The great efficiency of the reaction between thiols and maleimide groups has been 

extensively employed to achieve stable linkage in 2D- and 3D-SAMs, and in a very recent paper 

Mattoussi and co-workers reported the design and synthesis of maleimide-functionalized AuNPs 

and subsequent conjugation with peptides via maleimide-cysteine thiol coupling.[72]   
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a)

Scheme 1.7 a) Immobilization of substituted terminal alkynes onto azide-containing AuNPs via ‘click 
chemistry’; b) structure of a 2D-SAM used to immobilize thiol-terminated ligands via maleimide-thiol 
linkage.[73]

 

 

1.4 Characterization of Gold Nanoparticles 

The structure and composition of AuNPs can be determined using a variety of analytical 

techniques. Some analyses, as transmission electron microscopy (TEM), give information on the 

core size, dispersion and geometry whereas others, as IR and NMR spectroscopies or 

thermogravimetric analysis, give information  on the organic protective monolayer. Only X-ray 

analysis gives a complete overview of NPs core-and-shell organization and of possible NPs 

interactions. 

1.4.1 X-Ray Analysis 

The preparation of the first crystal suitable for X-ray analysis has been reported late in 

2007. This is mainly due to difficulties to prepare samples of monodispersed AuNPs and, more 

importantly, to  the nature of the ligands forming the protective monolayer, that are usually not 

suited to organize in  an ordered conformation as required for the formation  of crystals. Kornberg’s 

group solved the first solid-state structure of thiol-protected AuNPs at 1.1 Å resolution.[74] These 

nanoparticles have a 1.4  nm metallic core and are comprised of 102 gold atoms and 44 p-

mercaptobenzoic acid (p-MBA) units (Figure 1.7). 
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Figure 1.7 X-ray crystal structure determination of the Au102(p-MBA)44 nanoparticle. Electron density map 

(red mesh) and atomic structure (gold atoms depicted as yellow spheres, and p-MBA shown as framework 

with small spheres [sulfur in cyan, carbon in gray, and oxygen in red]).[74]

Even though previous works demonstrated how nanoparticles protected by aromatic thiols 

were less stable than those protected by alkyl ones,[40] the reported cluster is exceptionally robust. 

The authors were able to obtain suitable crystals thanks to four determining factors: (1) the choice 

of a rigid thiol, characterized by  an aromatic ring, which makes the monolayer stable not only 

through gold-sulfur bonding, but also through interactions between p-MBA molecules (!-stacking 

and T-stacking between phenyl rings, and sulfur interactions with  phenyl rings, Figure 1.8b); (2) 

the presence of the carboxylic group at  the monolayer surface, that stabilizes the crystal structure 

by  intermolecular hydrogen bonding (Figure 1.8a); (3) the systematic variation of solution 

conditions for nanoparticle synthesis, that  allowed to obtain homogeneous material; (4) finally, 

the use of a protein-like purification and crystallization methodology secured the success of this 

approach. In particular, crystallization was performed under controlled  pH conditions (pH value 

of 2.5) and black thin rods appeared after three days. 
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Figure 1.8 a) View of the crystal structure showing interparticle interaction mediated through hydrogen 

bonding between carboxylic acids; b) view of the crystal structure showing interparticle interactions mediated 

between stacked phenyl rings.[74]

The X-ray structure determination revealed an unexpected organization of the metal core 

and pointed out to strongly similaritise with the gold-sulfur interaction  reported for 2D SAMs.

[75-77] The core may be described as a 49-atom Marks decahedron (MD) with four atoms on the 

central axis, two 20-atom caps with  C5 symmetry on opposite poles, and on the equatorial region 

a 13-atom band with no apparent symmetry which imparts chirality to the cluster (Figure 1.9). 

Figure 1.9 Marks decahedron (MD): two pyramids with pentagonal bases joined together into a faceted shape, 

but with the pyramids’ tips chopped off.  

There are two types of gold-sulfur interaction in the nanoparticle: the Au atoms on the 

outermost external shell  bind two SR groups in a bridge conformation, termed staple motifs (SR-

Au-SR); the Au atoms in the underlying  shell are linked to only one SR group. These gold-

thiolate complexes form a sort  of protective crust  around the nanoparticles (Figure 1.10). The 

same gold-sulfur pattern has been recently  reported to occur in alkyl 2D-SAMs by density 

functional theory (DFT) -based molecular dynamics simulations and grazing incidence X-ray 

diffraction by Morgante, Scoles and co-workers. In  fact, they found that  the sulfur atoms of the 
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ligands bind at two distinct  surface sites, and that the first  gold surface layer contains gold atom 

vacancies as well as gold adatoms binding laterally to two sulfur atoms in linear bridges.[77] 

 

Figure 1.10 Example of two p-MBAs interacting with three gold atoms in a bridge conformation, here termed 

a staple motif. Gold atoms are yellow, sulfur atoms are cyan, oxygen atoms are red, and carbon atoms are 

gray.[74]

The surface coverage of the small Kornberg’s cluster is much higher than the percentage 

measured on flat surfaces covered by arylthiolates (70% vs. 33%).[78] It is possible to explain the 

formation of the Au102(p-MBA)44 nanoparticle with the electronic rules of cluster stability, as 

recently reported in some deep analysis and discussions: if each gold atom contributes with one 

valence electron, and each of the 44 thyil radicals (SR.) formally takes one electron, a 58 electron 

closed shell is obtained, suggesting an additional electronic origin for the stability.[79, 80]  

Moreover, crystals of the tetraoctylammonium thiolate AuNP 

N(C8H17)4
+Au25(SCH2CH2Ph)18

- suitable for X-ray analysis have been  recently isolated by 

Murray’s group. From the reported crystal structure it is possible to characterize two different 

types of gold atoms bound to the thiolates also in this case: 12 gold atoms are bound to a single 

thiolate, forming the vertices of an icosahedron around the central  atom while 12 gold atoms are 

involved in 6 staple motifs (one unit longer than those observed by Kornberg, SR-Au-SR-Au-SR); 

the arrangement of the latter gold atoms may be influenced by aurophilic bonding. This cluster 

can be regarded as a “staple-protected” Au13 core rather than a thiolate-protected Au25 core, and 

this kind of organization may be widespread in AuNPs (Figure 1.11).[81]  
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Figure 1.11 Depiction of gold and sulfur atoms, showing six orthogonal -Au2(SCH2CH2Ph)3- “staples” 

surrounding the Au13 core (two examples of aurophilic bonding are shown as dashed lines). Gold atoms are 

green, sulfur atoms are orange.[81] 

Density functional  theory has been used to predict the structure of Au25(SR)18 and the 

resulting data confirmed the experimental structure. The proven exceptional stability of these gold 

clusters is best  described by a “noble-gas superatom”  analogy  because they can mimic the 

chemistry of single atoms of a generic noble element. This concept provides a solid background 

for further understanding of the organization of other protected  gold clusters; in fact, correlation 

between experimental and theoretical geometric and electronic structure information may lead to 

a complete knowledge of the factors that determine cluster stability.[82-84] 

1.4.2 Core Size and Shape 

The core properties of AuNPs have been investigated by transmission electron 

microscopy (TEM), small-angle X-ray scattering (SAXS), laser desorption-ionisation mass 

spectrometry (LDI-MS) and X-ray photoelectron spectroscopy (XPS).[10, 85] 

High  resolution transmission  electron microscopy (HR-TEM) remains the first choice for 

the investigation of size, dispersion and shape of NPs.[86] HR-TEM gives a photograph of the gold 

core, and by measuring each particle’s diameter the histogram of size distribution is obtained. 

Thus, the information about the dispersity  of the sample and  the average number of Au atoms per 

particle can be calculated. 

Small-angle X-ray scattering (SAXS) is a small-angle scattering (SAS) technique where 

the elastic scattering of X-rays by a sample which has inhomogeneities in the nm-range is 

recorded at very low angles (typically 0.1-10°). This angular range contains information about the 

shape and size of NPs. 
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XPS is a surface chemical analysis technique that can be used to analyze the surface 

chemistry of AuNPs to achieve information  about the degree of oxydation  of the gold atoms at  the 

surface. In particular, it can be used to determine the binding energy of the Au 4f core.

UV-vis spectroscopy is a tool to get  qualitative informations about the size of the gold 

core, indeed, according to Mie theory,[87] a coherent oscillation  of the free electrons (called 

‘plasmons’) is induced by  an electromagnetic frequency at  the surface of a spherical NP if it  is 

much smaller than light wavelenght. This oscillation, called the surface plasmon resonance (SPR) 

band, is localized in the visible region, at  about 520 nm. The intensity of the surface plasmon 

band (SPB) is size- and shape-dependent, e. g. for spherical AuNPs it decreases with the decrease 

of the particle size, and is no more detectable in the presence of particles smaller than 3 nm.   

1.4.3 Characterization of the Organic Monolayer

The organic shell  of AuNPs can be investigated by a variety of techniques, as nuclear 

magnetic resonance (NMR) and infrared (IR) spectroscopies, thermogravimetric analysis (TGA or 

TG analysis), scanning tunneling and atomic force microscopies (STM and AFM, respectively).

[10, 85] The data obtained with most of these measurements represent average parameters because 

the materials examined are typically polydispersed samples; only STM allows the observation of 

single nanoparticles at the nanoscopic level. In this section the different characterization tools 

mentioned above will be briefly illustrated.      

NMR spectroscopy gives informations about the purity and the composition of AuNPs 

monolayer; 1H and 13C NMR absorptions are typically  broadened than those corresponding to  free 

thiols, and this phenomenom is more evident by  increasing NPs size. The broadening is mainly 

due to multiple factors: the low mobility of thiolates bound to the gold surface and of 

nanoparticles in solution, as for proteins and polimers, which influence the spin-spin relaxational 

(T2) time; the differences in Au-SR binding sites; the discontinuity in  the diamagnetic 

susceptibility at the Au-layer interface and residual dipolar interactions in the monolayer. This last 

factor in particular brings to a wide broadening of the peaks of methylene groups in !-position 

with  respect to the thiolate, that are densely packed next to the metallic surface, so that the 

corresponding signals are no more detectable. The peaks corresponding to protons in "  and on 

from the metallic core are sharper, so that NMR is very helpful  to  detect AuNPs #-

functionalization. Moreover, the presence of impurities can be visualized very nicely because of 

the presence of sharp signals.   
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IR spectroscopic measurements have been used, for example, to demonstrate the all-trans 

conformation of alkylchains of MPCs, as is the case of 2D-SAMs, and to reveal  an increment  of 

gauche defects and order-disorder transitions while increasing sample temperature.  

TG analysis is a destructive technique by which the organic percentage in weight is 

measured from the weight loss observed during heating  of the sample until high temperatures (e. 

g. 1000 °C).     

Calculated data and experimental  STM evidences have been recently  described by 

Stellacci and co-workers, who reported the first  investigation on the topological organization of 

different thiolates in NPs organic shell.[88, 89]    

In the case of AuNPs protected by mixed-monolayers, also molecular dynamics  

calculations represent an important tool to understand the properties of self-organized ligands in 

the passivating shell; for example, the “optimal packing model” reported by Landman and co-

workers describes how the ratio between ligands’ lenght and the size of the gold core can 

influence the packing of passivating molecules.[61] 

In the last decade electron spin resonance (ESR) has emerged as a powerful spectroscopic 

technique to investigate the properties of the protective monolayer of AuNPs. This tool has been 

employed to explore the affinity of a hydrophobic probe with homoligand monolayers and in the 

investigation concerning the self-organization of immiscible ligands in the monolayer of AuNPs, 

as reported in very recent papers of our research group.[50, 90-93] This topic is object  of study of the 

present thesis and will be discussed in depth in Section  1.5. Recent papers reported by Chechik 

and co-workers demonstrated the importance of combining ESR spectroscopy with the use of-pH 

sensitive ligands for probing electrostatic phenomena in the polar interface of tiopronin-coated 

AuNPs and also the potential use of ESR to explore the lateral diffusion of thiolate ligands on the 

surface of AuNPs.[94, 95]

1.5 Morphology of Monolayers Protecting Gold Nanoparticles 

The potential application of AuNPs relies for a large part on the monolayer morphology, 

that is how molecules arrange when assembled around the metal  core. The development of  

methodologies that enable to investigate ligands organization in the organic monolayer is of 

crucial importance. Recent  studies have relied on either direct  methodologies, as STM, and 

indirect investigations using radical probes for ESR measurements. The “state of art”  about these 
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highlights has been recently reviewed by Pasquato and Gentilini;[96] the most striking examples 

are summerized in this section.  

The first contribution concerning the topological organization of different thiols in a self-

assembled mixed-monolayer on nanoparticles was reported in 2004 by Stellacci and co-workers, 

who described the spontaneous formation of phase-separated  subnanometer-ordered domains in 

the ligand shell of MMPCs at an unprecedent lenght scale, using STM.[89] This microscopy is 

probably the only one that allows to provide single-NP data and also to visualize the molecules 

forming the monolayer; though, STM imaging of NPs with high-resolution at molecular level is 

nontrivial, and averaging over a large number of images has to be achieved  in order to obtain 

representative data.[97] 

STM images of NPs protected by a mixed monolayer of octanethiol (OT) and 

mercaptopropionic acid (MPA) revealed an organization of the ligands in parallel domains of 

alternating composition, that are aligned into parallel stripes that encircle and/or spiral around the 

NPs (Figure 1.12).[98] 

Figure 1.12 a) STM height image of AuNPs coated with a 2/1 molar ratio of OT/MPA, on Au foil, showing 

ribbonlike stripes, called ripples, due to the phase separation of the two ligands; b) enlarged image of the NP 

outlined with a dotted square in figure 1.12a; c) cartoon illustrating an idealized nanoparticle coated by a 

binary mixture of ligands that phase-separate into ribbon-like domains of alternating composition.[98] 

The morphology of NPs protected by mixed-monolayer with different composition, core 

size, and covered by couples of ligands with different lenghts was investigated through STM. The 

packing of the organic shell  and the spacing between the ribbonlike domains have been 

demonstrated to be controlled by the surface curvature radius, the molar ratio  between the ligands 

and their chemical  nature.[98, 99] As predicted by atomistic and mesoscale simulations aimed to 

explain the origin of their formation, the striped domains have been proved to form only in a 

specific size range, between !2.5 and !8.0 nm.[88, 100] The particles properties, in particular their 
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wetting behaviour, solubility, and interactions with cells have been demonstrated to be affected by 

the ligand shell morphology almost as much as the monolayer’s chemical composition.[101] 

The striped domains determine furthermore the demarcation of two diametrically opposed 

poles on the curved surface of the nanoparticle (“hairy ball theorem”), and the thiolates bound at 

these polar singularities undergo ligand-exchange reactions two orders of magnitude faster than 

thiols in the bulk, which are packed and interact strongly with neighbor molecules. Selective 

ligand-exchange functionalization of the poles and subsequent realization of “chains”  of NPs 

were carried out by the group of Stellacci, demonstrating that the striped NPs may be used as 

building  blocks in nanotechnology for the construction of sophisticated engineered nanomaterials 

and devices (Figure 1.13).[102]   
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Figure 1.13 a) Schematic depiction of the chain formation reaction and b) TEM images of chains of 

nanoparticles.[102]

Also  highly water-soluble AuNPs protected by striped domains of OT and MUS 11 were 

prepared, as previously mentioned (Section 1.2.1). These nanoparticles have been demonstrated  to 

be able to permeate the cell-membranes without bilayer disruption, while nanoparticles coated by 

the same moieties but in a random distribution are mostly trapped in  endosomes (Figure 1.14). 

The mechanism of membrane penetration by the stripe-like monolayer protected AuNPs has yet  to 

be determined.[51, 52] 
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Figure 1.14 Bodipy fluorescence (upper panel) and brightfield/fluorescence overlay (lower panel) images of 

dendritic cells incubated with a) MUS nanoparticles, presenting a random distribution of ligands in the 

monolayer, and b) MUS/OT nanoparticles, presenting an organization of the ligands in striped domains, at 37 

°C in serum-free medium. MUS nanoparticles bearing only the hydrophilic sulphonate ligand were 

internalized by the cells and exhibited punctate fluorescence patterns indicative of endosomal uptake; in 

contrast, nanoparticles with a ‘striped’ organization of the monolayer were detected in cells as a diffuse pattern 

of intracellular fluorescence clearly overlaid on punctate sites of brighter fluorescence due to endocytosis, 

suggesting passage of a fraction of these particles into the cytosol.[52] 

The protective organic monolayer of water-soluble AuNPs is also  object of study in the 

research group of Prof. Pasquato, in which I worked for my PhD thesis, where amphiphilic NPs 

protected by the ligands HS-C8-TEG 9 and HS-F8-PEG 10  (Section 1.2.1) have been recently 

synthesized and studied. The monolayer of amphiphilic AuNPs, similarly to lipid membranes, is 

able to host hydrophobic molecules. ESR spectroscopy has been shown to be an excellent  tool to 

monitor the partition of lipophilic nitroxides between the monolayer of passivated NPs and bulk 

water, and also to investigate the affinity of the radical spin probe with AuNPs of different core 

sizes.[93] AuNPs alone are ESR silent due to the absence of paramagnetic molecules, thus the 

addition of the radical molecule (paramagnetic species) is necessary in order to get a ESR signal. 

Typically, the ESR spectrum of a nitroxide is characterized by the hyperfine interaction between 

the unpaired electron with the 14N nucleus and by the g-factor shifts due to spin-orbit coupling. 

The radical probe results to be very sensitive to the nature of the environment, and ESR is able to 

detect different signals from the complexed and uncomplexed radical. Kinetic information about 

the complexation of the radical 18 between the acqueous phase and the monolayer of MPC-C8-

TEG 19 were obtained (Scheme 1.8).[90] When in the monolayer the ESR nitrogen hyperfine 

splitting of the probe is significantly smaller  than in  water, indicating that the nitroxide group is 

located in a less polar environent, inserted inside the monolayer and shielded from the acqueous 
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solvent, while the polar alcoholic group is closer to the hydrophilic region. In contrast to micelles, 

where it is not possible to know precisely how the monomers are organized due to the disorder of 

the system, the monolayer of MPC-C8-TEG shows well-defined regions due to the low mobility 

and to the specific orientation of the constituent thiols. Moreover, the solubilization of the organic 

probe in the monolayer strongly  depends on the particles diameter, and it increases as the 

diameter decreases, due to the lower packing of the ligands that makes more accessible the 

lipophilic portion and the accomodation of the hydrophobic guest inside the monolayer.[91] 
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Scheme 1.8 Complexation equilibrium of the radical probe 18  in the monolayer of MPC-C8-TEG 19.[90]

A subsequent ESR investigation, using the same radical probe, pointed out  that a 

monolayer composed of perfluorinated amphiphilic thiolates 10 has a greater hydrophobicity if 

compared to the similar hydrogenated monolayer: indeed, the affinity of the hydrophobic probe 

for the perfluorinated monolayer is about twice the affinity for the hydrogenated one, considering 

NPs with the same core size.[50] The ease of inserting other thiolates in the monolayer of MPC-F8-

PEG through ligand-exchange, and the strong hydrophobicity of the perfluorinated region, make 

these NPs an appealing example of multicompartment  nano-devices with  the potential  to store and 

release active molecules (Figure 1.15). In fact, these results confirmed the general  view that is 

possible to insert functional groups deeply inside the monolayer, so that they can interact with 

molecules in desolvated conditions similar to what is observed in the active site of enzymes. The 

hydrophobicity of the monolayer and the radial nature of the ligands generate “hydrophobic 

pockets” where organic molecules may be partitioned. 
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Figure 1.15 Cartoon of MPC-F8-PEG with an hydrophobic organic compound inside the monolayer.

A different situation has been suggested  to occur using mixtures of thiolates with 

immiscible chains. AuNPs protected by mixed-monolayers composed by both HS-C8-TEG 9 and 

HS-F8-PEG 10  have been investigated by ESR spectroscopy, and the spectral  parameters of the 

probe in  the monolayer are identical to  those of the probe in a completely fluorinated region, thus 

indicating that the nitroxide probe is partitioned exclusively in the fluorinated islands.[92] This 

occurs when the ratio between alkyl/perfluoroalkyl is lower than 2.5, and only at bigger ratios the 

probe starts to experience also the alkyl  environment. These experimental data demonstrated that 

in  heteroligand 3D-SAMs phase segregation occurs, with formation of patches of homoligands 

triggered by the lipophobicity of perfluorocarbons. These NPs, composed by two hydrophobic but 

immiscible components and a hydrophilic poly(oxoethylene) one, represent the first example of 

multicompartment water-soluble 3D-SAM with the potential for storage and release of two or 

more bioactive but incompatible agents (Figure 1.16). The potential  of these new nanostructures 

is under active investigation in our laboratories.
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HIGHLY HYDROPHOBIC 

REGION 

DIFFERENT  

ORGANIC  

COMPOUNDS 

HYDROPHOBIC 

REGION 

alkyl chains  

perfluoroalkyl chains 

poly(oxoethylene) chains 

 

Figure 1.16 Cartoon of MPC-C8-TEG/F8-PEG with two different organic compounds inside the monolayer. 
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An example of the application of the hydrophobic pockets of AuNPs to stably entrap 

drugs and deliver them to cells has been recently reported by Rotello and co-workers.[103] Three 

different hydrophobic guest  compounds were encapsulated in the monolayer of amphiphilic NPs 

through a non-covalent approach: Bodipy 20 as a fluorescent probe, Tamoxifen (TAF, 21) and !-

lapachone (LAP, 22) as highly  hydrophobic therapeutics. The ability of the nanoparticle-

conjugates to release their payload was first  proven in vitro  and then the release into the cells by 

membrane-mediated diffusion without uptake of the carrier nanoparticle has been demonstrated 

(Figure 1.17). 
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Figure 1.17 a) Delivery of payload to cells through monolayer-membrane interactions; b) cartoon of the 

amphiphilic AuNPs entrapping host molecules; c) structure of the guest compounds: Bodipy 20, TAF 21, 

LAP 22.[103] 

The understanding and the control of the morphology of 3D-SAMs on gold constitute  

very young research branches and  many groups are actually trying to achieve these goals by  

implementation of the synthetic methodologies also by finding the proper techniques for the direct 

observation of the monolayer organization. Very recent literature is reported on this topic.    

In one of the latest  examples, Prins and co-workers performed an interesting study about 

the assessment of the ligands in AuNPs 23 protected  by a mixed-monolayer containing positively 

charged headgroups 24 and 25 using the fluorescent  probe 26 (Figure 1.18).[104] The methodology 

used relies on the quenching of fluorescence when the probe is bound to the cationic moieties of 
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the monolayer due to the close proximity with  the gold core, that is a quencher, and the 

simultaneous interaction of multiple positively charged headgroups with the probe.
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Figure 1.18 a) AuNPs 23 used by Prins and co.; b) schematic representation of a mixed SAM in which the 

thiols are either randomly distributed or clustered in homodomains c) ATPF (2-aminopurine riboside-5I-O-

triphosphate) 26.[104]

1.6 “Biomimetic Chemistry” of Gold Nanoparticles

 

Many efforts have been made in the last years in the development of nanoscopic 

structures in  order to mimic polyvalent interactions commonly present in Nature. Whitesides 

defined polivalency as the concurrence of several functional moieties in  the binding event (Figure 

1.19a).[105, 106] Many biological systems present clusters of functional  groups that can act 

cooperatively, and this leads to enhanced efficiency and selectivity compared to  the same process 

in  the presence of a single functionality. Multivalent character of MPCs and MMPCs is an 

important feature for the achievement of the so-called “biomimetic chemistry”. Moreover, NPs 

and biomolecules are of a similar size (Figure 1.19b). Thus, MPCs are ideal scaffolds for the 

purpose concerning their application in  the fields of sensing, recognition, and also catalysis, 

whereas they are supramolecular soluble assemblies with functional surfaces that  can be properly 

‘organized’. 

A relatively  small number of applications of multitopic AuNPs in molecular recognition 

and also enzyme mimicry is reported in the literature; in the following section  some 

representative examples of biomimetic recognition systems based on AuNPs will be described. 
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a) 

  

Figure 1.19 a) Schematic representation of mono- and polyvalent interactions between a receptor and a 

ligand;[105] b) sizes of NPs in relation to some biological objects.[107] 

1.6.1 Gold Nanoparticles in Bio-Molecular Recognition 

In the field of sensing and molecular recognition, several groups have focused their 

research on carbohydrate-carbohydrate and carbohydrate-protein interactions. The need for 

polyvalent systems in this field arises from the extremely  low affinity of monovalent 

carbohydrate-carbohydrate and carbohydrate-protein  interactions, that in natural  systems has to be 

compensated through the presentation of multiple ligands to individual receptors.  

Linking carbohydrates onto  gold nanoparticles is a method for tailoring highly polyvalent 

water-soluble carbohydrate surfaces with  globular shapes. This approach opens the way to the 

preparation of glyconanoparticles (glycoNPs) with  a wide variety of carbohydrate ligands and 

with  different ligand density. Such systems are suitable models for the investigation of 

carbohydrate clustering and orientation effects on their interactions with specific receptors (Figure 

1.20). 
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Figure 1.20 The glycoNP concept and its potential applications.[108]

The synthesis of water-soluble AuNPs with a monolayer presenting carbohydrate moieties 

was reported for the first time by  Penadés, who has been giving a strong contribution in this 

branch. The authors followed the Brust protocol to self-assemble glycoNPs using disulfide-

neoglycoconjugates 27 and 28, corresponding to biologically significant oligosaccharides Lactose 

and Lewisx (Lex), respectively (Figure 1.21).[109]   
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Figure 1.21 Structure of disulfides 27 and 28, used for the synthesis of glycoNPs by Penadés.[109]

The prepared glycoNPs have been used as supramolecular model systems to reproduce 

glycolipids exposure at the cell  surface responsible for carbohydrate-carbohydrate interactions in 

pathological events such as cell adhesion during metastatic processes. Such mechanisms are 

strongly dependent on the presence of divalent cations in biological  systems, and reversible 

aggregation of AuNPs protected by 28 showed to occur only in the presence of Ca2+, thus proving 
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the selectivity of 28 for recognition in solution and confirming the supposed existence of specific 

interactions between carbohydrates during cell-cell adhesion. The quantitative kinetic data for this 

self-recognition have been detected by surface plasmon resonance (SPR) measurements.[110]   

AuNPs protected by Lactose derivative 27 (Lacto-AuNPs) have been tested in vivo as 

potential inhibitors of mouse melanoma lung metastasis. A clear anti-adhesive effect of Lacto-

AuNPs was revealed by visual inspection of lungs after animals incubation with melanoma cells 

in  comparison with lungs after incubation with melanoma cells pretreated  with Lacto-AuNPs, 

confirming the potential application of glyconanotechnology in antimetastatic processes (Figure 

1.22).[111]  

Figure 1.22 Possible action mechanism of Lacto-AuNPs in anti-adhesive therapy.[111]

In 2007 the same research  group reported the synthesis of the first MMPCs comprising 

both  tumour associated antigens (TAAs) and immunogenic peptides, which represented the most 

complex example of multifunctional glycoNPs that  had been prepared so far.[112] The 

simultaneous presence in the monolayer of different kinds of biomolecules that  are usually 

overexpressed by cells in the presence of oncogenic transformations, and that behave as potent 

inducers of the antitumoral cytotoxic T-cell response, makes these NPs a novel platform for 

carbohydrate-based vaccines in the searching for a biological therapy against cancer. In fact, 

multivalent presentation may provide more antibody density than monovalent  immunogenic 

agents, and the presence of different kinds of epitopes may increase the degree of protection 

against multiple cancerous events. Details on the biological aspects of this phenomena will be 

introduced in the following section of this thesis. 

Briefly, NPs 29 with different monolayer compositions have been prepared by reduction 

of the gold salt  in the presence of different ratios of thiol-functionalized synthetic 
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neoglycoconjugates sialylTn (sTn) 30 and Lewisy (Ley) 31, peptide 32, and Glucose (Glc) 33 as 

an inert component to control the density of the active epitopes in the final systems (Scheme 1.9). 
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Scheme 1.9 One-step synthesis of glycoNPs incorporating neoglycoconjugates 30-31 and peptide 32.[112]

Also  NPs containing analogues of the Thomsen-Friedenreich TAA have been  prepared in 

the same way by Barchi and co-workers, and preliminary results showed that  cluster presentation 

of the antigen can improve recognition of the epitope by both lectines and antibodies, and  that the 

prepared NPs possess marked antimetastatic activity both in vitro and in vivo.[113] 

In a very recent  paper reported by Penadés, Lacto-AuNPs with different functional ligand 

densities and different  lenghts of the spacer were prepared, in order to evaluate the binding with 

two different galactose-specific proteins: the enzyme Escherichia Coli !-galactosidase and a lectin 

from Viscum album.[114] The choice of such proteins derived from the fact that the carbohydrate-
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binding site of lectins is very different from that  of enzymes: indeed, while the first is typically a 

shallow groove onto the protein surface, the second one is generally a more deep or narrow 

pocket, so these proteins present different structural requirements in the interaction with 

carbohydrates. As expected, a different behaviour of Lacto-AuNPs with the two proteins was 

observed, and also different interactions occurred depending on the density and the spacer used; 

generally, Lacto-AuNPs proved to be a convenient  lectin-targeting system, but to  be a bad 

substrate for E. Coli !-galactosidase. 

In the search for synthetic antigens for immunostimulation, AuNPs have been recently 

used by Scrimin and co-workers as platforms for the presentation of analogues of Neisseria 

meningitidis antigen in order to mimic also the saccharide-coating of bacteria.[115] Passivation of 

the NPs with  the thiolated antigen analogues 34-36 (Figure 1.23a) and with thiol 9  (HS-C8-TEG) 

was carried out following the synthetic strategy previously reported by the authors.[55] NPs of 

different size (5, 3.5  and 2 nm) and with different composition of the mixed-monolayer were 

prepared and fully characterized. 
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Figure 1.23 a) Structure of the thiolated saccharides 34-36 used by Scrimin and co. and b) inhibition (%) of 

the binding of Neisseria meningitidis type A (Men A) to mouse polyclonal antibodies in competitive ELISA 

experiments with homoligand AuMPCs protected by 34-36. Concentrations refer to the saccharide component 

in the NPs. (Men A: circles, solid line; MPC-34: diamonds, solid line; MPC-35: squares, solid line; MPC-36: 

triangles, solid line; corresponding ligands are indicated with the same symbols, respectively, but with dashed 

lines).[115] 
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Figure 1.23b shows that multivalent  glycoNPs reported by Scrimin are more active than 

their corresponding free antigen analogues in competitive ELISA experiments, with a decrease in 

the IC50 of two orders of magnitude. The three functional NPs considered here show a similar 

biological effect, indicating that the relevant feature in this case is represented not by the 

oligomeric character but by the multivalent presentation of the sugar moieties, as the antibodies 

do  not  appear to recognize the number of saccharides per ligand but the whole surface of the 

nanoparticle. 

The use of functional nanoparticles can be extended also to the development of antivirals 

that can act by interfering with viral  infection, in particular during attachment  and entry. The last 

topic discussed very recently by Penadés and co-workers is the application of multivalent AuNPs 

in  the inhibition of human immunodeficency virus (HIV) trans-infection, through the interference 

with  internalization process.[116, 117] Viral entry is a crucial stage in  HIV infection, and it occurs 

through a multistep mechanism including the interaction between the viral  envelope glycoprotein 

gp120 and the dendritic cell specific intracellular adhesion molecule-3 (ICAM-3) grabbing 

nonintegrin (DC-SIGN), a C-type lectin  present on the surface of dendritic cells (DCs) that 

selectively recognizes endogenous high-mannose oligosaccharides. DC-SIGN-gp120 interaction 

represents a potential target for anti-HIV therapy aimed to disrupt the DC-virus interaction at 

early stages of infection, in order to lower the efficiency of T-cell infection.[118] With this in  mind, 

a small library of multivalent Manno-glycoNPs coated  with sets of different structural motifs on 

the N-linked high-mannose Man9(GlcNAc)2 of gp120 were prepared, in  order to target DC-SIGN 

receptors by mimicking the clustered display of gp120 carbohydrates. In vitro evaluation pointed 

out that Manno-glycoNPs are able to inhibit the HIV DC-SIGN-mediated trans-infection of T-

cells at  nanomolar concentrations, while the corresponding monovalent mannosides require 

concentrations in the millimolar range; thus, multivalent presentation of (oligo)saccharides on 

glycoNPs seems to significantly increase inhibitory potency with respect to monovalent 

mannosides. The glycoNPs reported in this work represent the first clear example of synthetic 

carbohydrate-based multivalent system showing anti-adhesive activity in the early stage of HIV 

infection. 

In their last paper, published in 2010, Penadés and co-workers reported also the synthesis 

and the evaluation of new anionic NPs covered by an amphiphilic sulfate-ended ligand shell, 

since it is well  known that polysulfates are potent  inhibitors of various enveloped viruses.[119] NPs 

37  were synthesized through homogeneous phase reduction of an aliphatic-tetraethyleneglycol 38 

with  a sulfate group in one terminal end and a disulfide in the other. Also NPs 39, with  a mixed 

monolayer composed of both the sulfate ligand and the inhert Glucose conjugate (GlcC5S) were 
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prepared following the same procedure, with different loadings of active ligand (Scheme 1.10). 

SPR measurements and in vitro tests confirmed that these novel sulfate-NPs represent a valid 

alternative to target gp120-mediated HIV internalization.  
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Scheme 1.10 Sulfated AuNPs prepared by Penadés and co-workers.[119]

In 2008 Melander and co-workers demonstrated that AuNPs transform the weakly binding 

and biologically inactive small molecule SDC-1721 40, an  analogue of the principal entry co-

receptor for most commonly trasmitted strains of HIV, into a multivalent conjugate that 

effectively inhibits HIV-1 fusion to human T-cells (Figure 1.24). The nanoparticles used in  this 

study have an average core diameter of 2.0 nm and the functional thiol 40  was coupled to AuNPs 

via a simple ligand exchange reaction.[120] 
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Figure 1.24 SDC-1721 40 used by Melander and co-workers for the functionalization of 2.0 nm AuNPs for 

HIV fusion inhibition.[120]

A very recent  paper by Sarid and co-workers reported the synthesis and application of 

mercaptoethanesulfonate-capped AuNPs (MES-AuNPs) as effective inhibitors of Herpes Simplex 

virus type-1 (HSV-1) on the basis of their ability  to mimic the polysulfonate cell-surface-receptor 

heparan sulfate in order to  improve the inhibitory effect. The investigation revealed that MES-

AuNPs interfere with viral attachment and entry and prevent cell-to-cell spread of the virus, 

Introduction

35



thereby blocking subsequent  infection and suggesting their possible application as both 

prophylactic and therapeutic agent (Figure 1.25).[121]  

Figure 1.25 Live imaging fluorescence microscopy of kidney epithelial Vero host cells infected with green 

fluorescence protein-expressing-HSV-1. Images captured from infected cells a) and b) in the absence of MES-

AuNPs; c) and d) in the presence of MES-AuNPs, 24 h (a, c) and 48 h (b, d) after infection. In the presence of 

MES-AuNPs no massive viral spread, neither plaques, nor green cells are observed.[121]

Kataoka and co-workers prepared glyconanoparticles by a multistep  approach involving 

acqueous reduction of HAuCl4 in the presence of heterobifunctional poly(ethyleneglycol) 

derivatives containing both mercapto and acetal  groups (!-acetal-"-mercapto-PEG), conversion 

of the terminal acetal to aldehyde and subsequent Lactose immobilization through reductive 

amination to the distal end of PEG.[122] Lacto-AuNPs showed selective aggregation when exposed 

to  the bivalent Galactose-binding  Rhecinus communis agglutinin  (RCA120), with appreciable 

changes in the absorption spectrum and macroscopic color change from pinkish-red to purple 

(Figure 1.26). 
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Figure 1.26 Schematic representation of the aggregation-dispersion behaviour of Lac-PEGylated AuNPs by 

sequential addition of RCA120 and and Galactose with concomitant color change.[122] 

A deep quantitative investigation of the polyvalent binding of glyconanoparticles with 

natural carbohydrates has been reported by Chen and co-workers using SPR technique.[123] In 

particular, the interaction between 6  and 20 nm Mannose-encapsulated AuNPS and the lectin 

Concavalin A (Con A) has been demonstrated to be affected by NPs size and the chain lenght  of 

the sugar moiety. The best results were obtained with large NPs and short ligand chains. 

A UV-vis investigation of the interaction between Manno-NPs and Con A, reported by 

Russell and co-workers, demonstrated that changes in the SPR band at 620 nm in the presence of 

Con A can be used as a colorimetric method to  provide quantitative and rapid information to 

control the selective aggregation process.[124]

It is worth mentioning also  some examples of functional NPs-based recognition systems 

not involving carbohydrates, but also other typologies of binding events. 

Rotello and co-workers, for example, pointed out the application of functional AuNPs as 

scaffolds for the exposure of multiple receptors for flavine.[125, 126] MMPCs 41 containing both 

diacyldiaminopyridine (DAP) and pyrene terminal  groups have been designed in order to achieve 

complexation of flavine molecules through simultaneous H-bonding and !-stacking with DAP and 

pyrene, respectively (Figure 1.27). The multitasking feature of this system is at the basis of 

potential NPs application as complex artificial host-systems for biomolecules recognition. 
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Figure 1.27 Schematic illustration of the binding of flavin to diacyldiaminopyridine-pyrene-functionalized 

AuNPs.[126] 

A compelling example of multivalent recognition based on functional AuNPs where the 

single contribution of each binding event could be dissected has been reported some years ago by 

Pasquato and Scrimin.[127] N-Methylimidazole (MI) functionalized AuNPs 42  have been used to 

bind  mono-, bis-, and tris-Zn-porphyrins (Figure 1.28). As the number of porphyrins increases, 

the relative gain in binding  constant (!) and effective molarity (EM) for intracomplex binding 

becomes lower. Likely this may be due to the poor fitting of the porphyrin array to the curved 

surface of the AuNP. Nevertheless, it  should be pointed out that the values of !  and EM observed 

for tris-porphyrin are slightly higher than those previously reported using a tripodal 

methylimidazole derivative, whose structure was complementar to the one of the tris-Zn-

porphyrin used.[128, 129] 
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Figure 1.28 a) N-Methylimidazole functionalized AuNPs 42 reported by Pasquato and co-workers; b) 

porphyrin arrays used: mono- 43, bis- 44 and tris 45 Zn-porphyrins.[127]
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In the last years the same research  group reported also self assembled monolayers of 

aminoacids and  oligopeptides on AuNPs as novel cooperative nanosized biocatalysts. Indeed, 

structurally this systems can be tailored in order to resemble enzymes both in size and in 

functionality. 

Considering that in  the catalytic site of many esterases carboxylic groups and imidazoles 

operate in a concerted fashion  in  the catalytic process, functional AuNPs 46 bearing a dipeptide 

functional thiol with a HisPhe-OH terminal sequence were prepared and tested in the hydrolisis of 

the activated esters 2,4-dinitrophenyl butanoate (DNPB) and Z-leucine-p-nitrophenyl ester (Z-

Leu-PNP). This system represents the first example of peptide-functionalized AuNPs 

hydrolitically active against carboxylate esters (Figure 1.29).[47, 130]  
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Figure 1.29 Dipeptide-functionalized NPs 46 for the cleavage of carboxylic esters by Pasquato and Scrimin.
[47]

Moving on toward real ‘nanozymes’, i. e. nanoparticle-based models of enzymes, a 

dodecapeptide was grafted on Au-NPs. The obtained NPs 47 have been tested in the hydrolisis of 

DNPB, Z-Leu-PNP and Z-Gly-PNP, and showed to represent the first example of a protein-like 

system with considerable complexity yet self assembled being not only a good esterolytic 

catalyst, but also being capable of self regulation (Figure 1.30).[48, 130] Functional groups that  can 

be involved  in  esterolytic activity of Au-PEP 47 are the imidazole N atom of His, the phenol O 

atom of Tyr, the amine N atom of Lys, and the guanidinium N atoms of Arg. Furthermore, the free 

carboxylate group of the C-terminal Arg residue may also be involved in the catalytic process. 
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Figure 1.30 Dodecapeptide-functionalized NPs 47 for the cleavage of carboxylic esters by Pasquato and 

Scrimin.[48]

In order to accelerate the hydrolytic cleavage of the phosphate bond, that under 

physiological conditions is incredibly slow but can be accelerated of several orders of magnitude 

by  metal ions, functional AuNPs exposing  groups able to strongly bind Zn(II) were designed and 

prepared. NPs 48, bearing a triazacylononane as strong ligand for metal  ions like Zn(II) and 

Cu(II), were tested in the cleavage of RNA-model  substrate 2-hydroxypropyl p-nitrophenyl 

phosphate (HPNP) showing effective RNase activity.[131] NPs 49, exposing a symmetric Zn(II) 

ligand were studied as potential catalyst for phosphate diester and DNA hydrolysis, showing an 

ability to perform double strand cleavage extremely difficult to attain with artificial systems that  

can be ascribed to the multivalent nature of the nanoparticle-based catalyst.[132] 
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Figure 1.31 AuNPs 48 and 49, developed as artificial phosphatases based on metal ions cooperativity by 

Pasquato and Scrimin.[131, 132] 

1.7 Immunotherapy of Cancer Using Tumour Associated Antigens 

Conjugated to Gold Nanoparticles

Human oncogenic transformations are often associated with aberrant glycosylation of 

glycoproteins and glycolipids in many cell  types, and the oligosaccharide sequences occurring 

during oncogenesis and metastatic processes act  as specific receptors for cell adhesion, growth 

regulation and differentiation.[133, 134] These carbohydrate epitopes, usually present on normal 
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tissues, are over-expressed on the surface of cancerous cells and are known as tumour associated 

antigens (TAAs). 

TAAs have been successfully exploited as markers of tumour progression and their 

immunogenicity has been extensively investigated for the development of immunotherapies for 

cancer. In fact, identification of these antigens on malignant cells makes them potential  targets for 

the development  of antigen-specific carbohydrate-based vaccines for active immunization against 

cancer. Whereas “classical” vaccines are used prophylactically to  provide protection against 

infections, experimental cancer vaccines are employed therapeutically to excite an immune 

response capable of eradicating an already existing disease through induction of specific and 

relevant antibody responses, while avoiding the side effects generally associated with many 

conventional therapies.[135] 

Polyvalency plays an active role in the functioning of the immune system, and synthetic 

cancer vaccines have to be engineered  in order to allow well-defined display of clustered 

carbohydrate epitopes.[136, 137] Stucturally defined glycoconjugates can be synthesized for this 

purpose, including  conjugates of carbohydrate derivatives to proteins such as keyhole-limpet 

haemocyanin (KLH) and bovine serum albumin (BSA), liposomes and nonbiological carriers 

such as polimers, dendrimers and  nanoparticles. 

One of the objects of this thesis concerns the development of AuNPs-based 

immunotherapy of cancer through polyvalent  presentation of a GM3 Lactone antigen mimetic. 

Details about this antigen are reported in the following section.

1.7.1 Antigen GM3 Ganglioside and Lactone  

Gangliosides are neuraminic acid-containing glycosphingolipids anchored in the lipid 

bilayer of the cell membrane by the ceramide portion with the carbohydrate moiety being exposed 

on  the outside of the cell. GM3 Ganglioside 50  and the corresponding metabolite 51, GM3 

Lactone, are ubiquitous glycosphingolipids that are over-expressed on melanoma cells with 

metastatic potential.[138, 139]  The existence of an  equilibrium between the gangliosides and their 

lactone forms has been suggested, which occurs by  reaction  of the sialic acid moiety with a 

hydroxyl group on an adjacent sugar in the molecule at lower pH environments, typical of 

malignant cells. Altough GM3 Lactone is more immunogenic than its precursor, being a potent 

inducer of antimelanoma cytotoxic T cell  response, it is unsuitable to  be used in immunotherapy 

because it is unstable under physiological conditions. Therefore, there is much interest in 
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developing hydrolysis-resistant analogues of 51 and, thus, making a defined immunogen available 

for immunization.[140-142]

Recently, Nativi and co-workers reported the synthesis and the conformational analysis of 

a thioether-bridged mimetic of GM3 Lactone 52, which is a conformational analogue of the 

parent lactone with a manno residue that replaces the sialic portion (Figure 1.32). In order to 

perform biological tests for the prodution of monoclonal antibodies in vitro  and in  vivo  and also 

structural analyses, the thioether 52  was loaded into  liposomes and also conjugated to the protein 

carrier KLH, and the results obtained suggest that conjugates of 52 may be new promising 

antimelanoma synthetic candidates with immunotherapeutic potential.[143-145] 

Since the reactivity of a melanoma-specific anti-GM3 is closely  related to the quantity of 

antigen, and there is a threshold surface density for maximal binding  of the antibody, clustering of 

the sugar moieties and the choice of a suitable carrier are two important  goals for specific 

immunological recognition  and for this reason we explored for the first  time the possibility to use 

AuNPs as scaffolds for the presentation of multiple copies of GM3 Ganglioside Lactone analogue 

52.[146]
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Figure 1.32 GM3 Ganglioside 50 and the corresponding Lactone 51; thioether-bridged mimetic 52 of GM3 

Lactone.[143] 

1.7.2 Biological Use of AuNPs: Cytotoxicity and Uptake

Functional AuNPs provide excellent  platforms for pharmaceutical delivery applications as 

a result of their tunable size and surface properties, that can be tailored for the specific case. 

However, the clinical use of AuNPs in medicine requires addressing a number of open issues, 
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including acute and long-term health impact and toxicity  on living systems, and also a more 

general safety issue for manipulation and preparation of these nanomaterials.[147] Concerning 

toxicity investigation of AuNPs one must  distinguish the effects of the gold core and that of 

ligands, and thus evaluating  contribution of each component is essential to  understand the real 

origin of eventual cytotoxic effects. The gold core has been demonstrated to be essentially inhert 

and non-toxic, as reported in recent  studies.[148, 149] The biocompatibility of the monolayer has to 

be studied  systematically  for each  specific case, under precise conditions. Also, in vivo results are 

different from in vitro conditions. 

Many reports indicate that AuNPs are non-toxic. However, other results contradict this 

finding.[150] The contrasting data could arise from the variability of toxicity assays and of the used 

cell lines, and from the chemical and physical properties of different NPs. No general conclusion 

can be drawn at present. To clarify this critical issues, more studies are required about:  the 

characterization of AuNPs after administration in order to identify possible changes in their 

physical properties, the excretion  from the body, the identification of potential accumulation sites, 

the toxicity during prolonged and regular employ and using different  routes of exposure (i. e. 

intravenous injection, inhalation, oral  absorption and dermal  absorption). For the development of 

AuNPs-based drug delivery systems (DDS) it is desirable that the uptake and toxicity of AuNPs 

will be controllable and could be manipulated through functionalization with smart ligands.  

1.8 Concluding remarks

The main challenges in the fabrication of new hybrid-organic gold nanoparticles are the 

control and the understanding of the topological organization of the monolayer’s constituents and 

the metal core geometry. To achieve this goal, the development of new synthetic strategies and the 

use of suitable investigation techniques appear to  be the most appealing approaches. Several 

strategies to understand how molecules arrange when assembled around the metal core have been 

reviewed. STM and ESR spectroscopy proved to be the most useful techniques to obtain 

informations about organization of the ligands in the organic monolayer. However, the formation 

of ordered  stripes or patches in  3D-mixed-SAMs reported in the last years have opened up new 

questions in the inquiry of the monolayer’s morphology. Gold-core geometry and gold-sulfur 

interactions at the metal interface have been recently unraveled by X-ray analysis in AuNPs 

protected by aromatic thiols.  
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In this Chapter, we have focused also on the application of functional  AuNPs in the 

biological field as biomimetic polyvalent systems mimicking interactions occurring in Nature. 

The chance for properly organize the monolayer, the clustering presentation of the ligands, their 

solubility  properties and the potential to tune their cellular uptake make AuNPs an ideal scaffold 

for the construction of artificial recognition systems. Several  examples of biomimetic binding 

events involving functional AuNPs and  biomolecules have been reviewed, many of them 

mimicking carbohydrate-carbohydrate and carbohydrate-protein interactions. 

The basic immunological  recognition principles in biological therapy against cancer, the 

quest for biocompatible polyvalent scaffolds for the presentation of TAAs, in  particular a GM3 

Lactone antigen mimetic, for the development  of antitumoral vaccines, have been illustrated. The 

potential of AuNPs in this framework has been underlined.  
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Synthesis and Crystallization 

of Gold Nanoparticles 

Protected by Aromatic Thiols

The X-ray  structural  determination at 1.1 Å resolution of the 1.4 nm p-mercaptobenzoic 

acid protected gold nanoparticle Au102(p-MBA)44 reported by Kornberg and co-workers represents 

a breakthrough in the knowledge of the geometry  of the gold core and of the gold-sulfur 

interaction in AuNPs.[1] Our aim in this field is to investigate the structure of larger NPs to  study 

eventually other geometries for the gold core. With this in mind our tasks were (1) to prepare, 

purify and characterize AuNPs protected by aromatic thiolates of 1.6-2.0 nm suitable for 

crystallization and (2) to find the experimental conditions to prepare suitable crystals in order to 

perform diffractometric analysis with a third-generation synchrotron radiation source (Elettra, 

Sincrotrone Trieste S.C.p.A.). Moreover, we planned to  study the properties of particularly stable 

clusters, as for example Au140, in order to exploit  their peculiar ability to crystallize to build 

ordered hybrid nanomaterials. 

This Chapter is organized in three Sections: 

Section 2.1 presents the synthesis and the characterization of gold nanoparticles protected by 

aromatic thiols. 

Section 2.2 describes the crystallization of such nanoparticles, that has been carried out in 

collaboration with the research group of Prof. Randaccio (Centre of Excellence in 

Biocrystallography, University of Trieste).  

Section 2.3 summarizes the conclusions on this topic and the future perspectives.
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2.1 Synthesis and Characterization of Aromatic Gold Clusters

The synthesis of 1.4 nm nanoparticles having an average composition Au102(p-MBA)44 

was carried out  by Kornberg and co-workers by reduction of an homogeneous solution of HAuCl4 

and p-MBA 53, in the presence of NaOH and methanol by acqueous NaBH4. The crucial synthetic 

parameters to tune the size of the nanoparticles are gold:thiol molar ratio, reduction  rate and 

temperature.[2] In order to  prepare MPC-p-MBA 54 in the size range of 1.6-2.0 nm, we decided to 

use a 1:3 Au:thiol  molar ratio. Hopefully these conditions will enable to the formation of gold 

nanoparticles composed of 140 Au atoms protected by 53-62 ligands with a gold core supposed to 

have a truncated octahedral geometry.[3-5] 

Preliminary experiments have been carried out following the procedure reported by 

Kornberg without success.[1] A second attempt was carried out as reported by Brust  for the 

synthesis of AuNPs protected by p-mercaptophenol, but  under these conditions only aggregates 

were obtained.[6] Better results were achieved following a procedure previously reported by Kim 

and co-workers, in which nanoscale silver particles protected by dodecanethiol were prepared in a 

ethanolic one-phase synthetic route.[7] It is important to point  out that in homogeneous phase the 

reduction rate depends directly on the reducing agent concentration. The procedure is reported in 

Scheme 2.1. Briefly, to an ethanolic solution of HAuCl4 a solution of p-MBA dissolved  in ethanol 

was added dropwise, at room temperature. Then, an ethanolic solution of NaBH4 was added 

dropwise at 0 °C, under vigorous stirring. MPC-p-MBA 54 were obtained and purified after 

precipitation at -18  °C with repeated washing cycles with diethyl ether and ethanol to remove 

excess thiol and borates. The NPs proved to be soluble only in acqueous media, and liophilization 

was performed in order to obtain dry material without carrying out distillation at reduced 

pressure, to avoid that NPs stability and size distribution may be affected by temperature increase.

S COOH

n

AuHAuCl4 HS COOH+

EtOH NaBH4

53 54

Scheme 2.1 Synthesis of MPC-p-MBA 54.

MPC-p-MBA 54  have been fully characterized by UV-vis and 1H-NMR spectra, TEM 

analysis and TGA. 

Chapter 2 

50



These NPs don’t show surface plasmon band around 520 nm in the UV-vis measurements, 

suggesting that the diameter of the metallic core is smaller than 3 nm (Figure 2.1).  
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Figure 2.1 UV-vis spectrum (H2O, c = 0.1 mg/mL) of MPC-p-MBA 54.  

This assumption is confirmed by the HR-TEM measurements, that reveal an average core 

diameter of 1.7 nm with a standard deviation of 0.4 nm; these nanoparticles are characterized by a 

surprising low dispersion (Figure 2.2) . 

x
m
 = 1.7 nm  

! = 0.4 nm  

n = 123  

Figure 2.2 a) HR-TEM image and b) size histogram of MPC-p-MBA 54.

In Figure 2.3 the 1H-NMR spectrum of MPC-p-MBA and, by comparison, the 1H-NMR 

spectrum of the thiol  used in the synthesis are reported; in the NPs’ spectrum the peaks 

corresponding to the aromatic protons are shifted to lower fields, and several signals between 7.25 

and 8.10 ppm, corresponding to aromatic protons that experiment different chemical 

environments, are present. It is noticeable that the peaks corresponding to AuNPs coated by 

aromatic ligands are not significantly broad if compared to the ones corresponding to alkyl-
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AuNPs. This property is recurrent in nanoparticles bearing a monolayer composed of aromatic 

thiols, as demonstrated by significant 1H-NMR spectra reported in the literature.[8]

 

Figure 2.3 1H-NMR (D2O, 500 MHz) of a) p-MBA  and b) MPC-p-MBA 54. 

In order to determine the average composition of MPC-pMBA, we have carried  out a 

thermogravimetric analysis of liophilized material (Figure 2.4). Considering that AuNPs having a 

diameter of the gold core of 1.6-1.7 nm have been demonstrated to be composed of 140 Au atoms 

and 53-62 ligands, we compared  our data with those calculated for the Au140 cluster.[2-5] The TGA 

measurements, that were repeated in order to give consistent  data, pointed out an organic fraction 

of 55-60%, which is very high with  respect  to the 25% calculated for the Au140 cluster. Moreover, 

while the weight loss reported for AuNPs protected by alkylthiols and also amphiphilic and 

perfluorinated thiols takes place at about 200 °C, in our MPC-pMBA the weight loss has been 

observed at !700 °C, and a similar behaviour has never been reported in the literature. In absence 

of further data in order to make comparisons, we can only suppose that in our case other factors 

are involved, concerning for example the morphology of the monolayer, in which the !-stacking 

interactions between the phenyl  rings, the hydrogen bondings between the carboxylic acids and 

the existence of staple motifs at the gold-thiol  interface could confer particular robustness to the 

nanoparticles and also an unexpected thightness in the packing of the monolayer, which may 

justify  this anomalous behaviour while increasing the temperature of the sample. Further 

investigations will be necessary to solve these interrogatives.
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Figure 2.4 TGA of MPC-p-MBA 54. 

2.2 Strategies for the Crystallization of 1.7 nm AuNPs Protected by p-

Mercaptobenzoic Acid 

Kornberg’s group performed a screening for crystallization using the following 

conditions: 300 mM NaCl, 100 mM sodium acetate, pH 2.5, 46% methanol. Thin black rods 

appeared after three days. Crystals were frozen within a day or two of appearance, since more 

extensive growth would lead to greater mosaicity.[1] 

We performed our first attempts of crystallization under similar conditions. 

2.2.1 Crystallization: 1st Screening

A first screening was carried out in a 24-well plate, through hanging drop vapour diffusion 

method. The reservoir solutions were prepared varying methanol  concentration ranging from 0 to 

50% (v/v), to explore a wider range of conditions than those reported by Kornberg’s group; 2 M 

acqueous NaCl  was added to 300 or 400 mM final concentration; growing amounts of acetic acid 

were used, starting from 1 M mother-solution, to reach a 40-50% final concentration, in a 1 mL 

total volume of reservoir. AuNPs 54 were dissolved in mQ water at 50 mg/mL concentration. The 

crystallization drop was prepared mixing 2 !L of NPs solution with the same volume of reservoir 

for each trial. When the two solutions were mixed in the drop, directly on the coverslip, 

precipitation of the nanoparticles immediately occurred. The plate, properly sealed, was kept at 

room temperature and after one day the presence of black polymorphous crystals was observed in 
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10 wells. In particular: no crystals were detected in absence of methanol in the reservoir  whereas 

no  differences were noticed at 300 and 400 mM NaCl concentrations, suggesting that methanol is 

necessary for the crystallization and salt  concentration  can be varied. A crystalline sample 

exhibited a powder like diffraction, with circles instead of spots. The dimension of the crystals 

obtained in these first  crystallization  trials did not allow a diffraction experiment from single 

crystal. 

On the basis of this first results, we decided to dilute the NPs solution and to use no 

methanol and acetic acid in the drop to limit precipitation of the NPs, to slow down the 

crystallization, in order to obtain larger single crystals.

Figure 2.5 a) and b) optical microscope images of the black polymorphous crystals observed in the 1st 

Screening.

2.2.2 Crystallization: 2nd Screening 

A second screening was carried out  in 12 wells, through hanging drop vapour diffusion 

method. The purpose of these crystallization experiments was to test the effect  of a concentration 

changing of the NPs sample solution, to  slow down the rate of the precipitation of the sample in 

the drop and to obtain  bigger single crystals instead of microcrystalline precipitates. In the drop 

no  methanol  and acetic acid were added in order to avoid the fast precipitation of the sample 

previously observed  during  preparation of the drops. The sodium chloride concentration was kept 

constant to prevent the fast dehydration of the drop. Moreover, the concentrations of both 

methanol and sodium chloride in the reservoir were kept constant at 45% (v/v) and 350 mM, 

respectively. Considering the fast precipitation of the nanoparticles in a acidic environment, the 

acetic acid concentration was decreased to values ranging from 15 mM to 90 mM. Precipitation of 
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the nanoparticles in  the crystallization drop occurred at a lower extent than the 1st Screening. The 

plate, properly sealed, was kept at  room temperature. No single crystals were observed after 5 

days, suggesting that methanol may be necessary in the crystallization drop because it may 

contribute to NPs’ stability in solution.  

2.2.3 Crystallization: 3rd Screening  

A third screening was carried  out in  6 wells, through hanging drop vapour diffusion 

method. Concentrations of methanol, NaCl and acetic acid in the reservoir  were the same used in 

the 2nd Screening. These trials were conducted with a sample concentration of 25 mg/mL, and the 

drop was prepared  adding acqueous NaCl and  also methanol to the sample until concentrations of 

salt and alcohol half those in the reservoir. The plate, properly sealed, was kept  at room 

temperature. No single crystals were observed after 5 days, only precipitates, suggesting that a 

more complete screening that took into account a broader range of conditions was required. 

2.2.4 Crystallization: 4th Screening

Previous crystallization results were not definitive in finding the better conditions to 

obtain single crystals of the sample. Thus, a more complete screening that took into account a 

broader range of conditions was required. This screening was performed using the Freedom Evo 

Tecan robot, available at  the Centre of Excellence in Biocrystallography. The experiments were 

conducted in a 96-well plate through sitting drop vapour diffusion method. This technology 

makes easier to carry out more trials with very little amounts of starting  material and in a very 

short time. The concentration of methanol in the reservoir solutions was kept  constant at 50% (v/

v). The NaCl concentration was varied from 0 to 600 mM. Growing amounts of acetic acid, from 

50  to 150 mM (final concetration) were added. The range of concentrations of the sample solution 

was extended from 15 to 50 mg/mL and the crystallization drops were prepared by mixing 0.7 !L 

of NPs solution  with the same volume of reservoir. The plate, properly sealed, was kept at room 

temperature. No single crystals were detected after 5 days.  

Since the reported trials of crystallization varying the amounts of salt and precipitants in 

the reservoir and the concentration of the AuNPs in  the crystallization drop did not  succeed so far, 

Synthesis and Crystallization of AuNPs Protected by Aromatic Thiols  

55



the following experiments were designed in  order to test the influence of other parameters that 

could affect the crystallization phenomenom.  

2.2.5 Crystallization: 5th Screening

This screening was carried out in 12-wells, through hanging drop vapour diffusion 

method, and was aimed to understand the influence of another parameter which could  affect the 

crystallization process:  temperature. Two concentrations of methanol were used to prepare the 

reservoir solutions: 45 and 50% (v/v). 2 M acqueous NaCl was added until 300 or 400 mM final 

concentration. Growing amounts of acetic acid were added, starting from a 1 M stock solution, 

ranging from 50 to 150 mM (final concentration) in a 1 mL total volume of reservoir. AuNPs 54 

were dissolved in  mQ water at a 15 mg/mL concentration. The crystallization drop was prepared 

by  mixing 2 !L of NPs solution and the same volume of reservoir for each trial. The plate, 

properly sealed, was kept at 4° C rather than at room temperature as in previous experiments. No 

crystals were observed after 5 days.

2.2.6 Crystallization: 6th Screening

This screening was carried out in 16 wells, through hanging drop vapour diffusion 

method. These trials were designed in order to explore the effect  of different alcoholic 

precipitants, instead of playing with the concentration of the alcohol. Methanol, ethanol, 2-

propanol and n-buthanol were used, at concentration 50% (v/v). Growing amounts of 2 M 

acqueous NaCl were added, ranging from 0 to 300 mM concentration. LiCl was used in some 

trials rather than NaCl, in order to study the behaviour of the NPs in the presence of a different 

cation. Different amounts of acetic acid were used, in order to reach 50 and 100 mM final 

concentration, in a 1 mL total  volume of reservoir. Some trials were carried out without adding 

the salt solution, some without addition of the acetic acid to  the reservoir. A 15 mg/mL NPs 

solution  and the same volume of reservoir were used to prepare the drop for each trial. The plate, 

properly sealed, was kept at room temperature. No single crystals were detected after 5 days.

Chapter 2 

56



2.2.7 Crystallization: 7th Screening  

This screening was carried out in 16 wells, through hanging drop vapour diffusion 

method. The results of previous trails show that  no reproducibility could be gained, since first 

results differ significantly from the following. A reason might be the use of an aged NPs solution, 

where nanoparticles might be aggregated, as suggested by a dark precipitated formed in the vial 

containing the starting solution. Although the sample solution looked dark in all the trials carried 

on, the actual concentration of the sample might be different from the nominal one. In the 

following screening, a freshly prepared sample solution was used. The results of the 1st Screening 

and the observation of the behaviour of nanoparticles solution when mixed with  reservoir  solution 

suggested to apply a range of very low concentrations of sodium chloride and acetic acid and to 

test the effects of the concentrations of the sample in the drop and the acetic acid in the reservoir. 

Methanol was kept constant at 50% (v/v). 2 M acqueous NaCl was added until 50 mM final 

concentration in  each well. Growing amounts of acetic acid were added, using a 0.1 M mother-

solution, from 1 to 15 mM final  concentration, in a 1  mL total volume of reservoir. The plate, 

properly sealed, was kept at room temperature. No single crystals were observed after 5  days, but 

microcrystalline precipitates were detected in the wells with lower concentrations of acetic acid in 

the reservoir solution. 

 

2.2.8 Crystallization: 8th Screening  

This screening was carried out in 12 wells, through hanging drop vapour diffusion 

method. In the previous screening (row V), a lot of microcrystalline precipitates were observed at 

lower concentrations of acetic acid, so further trials were conducted with the same concentration 

of nanoparticles solution and the same amounts of methanol and NaCl, but varying the amount of 

acetic acid in a little range of concentrations. The concentration of methanol  in the reservoir 

solutions was kept constant at 50% (v/v). 2 M acqueous NaCl was added until 50 mM final 

concentration in  each well. Growing amounts of acetic acid were added, using a 0.1 M mother-

solution, in a very little range of concentrations: from 1 to 6.5 mM final concentration. A 15 mg/

mL NPs solution was used, and the crystallization drop was prepared by mixing 2  !L of NPs 

solution  and the same volume of reservoir for each trial. The plate, properly sealed, was kept at 

room temperature. No single crystals were observed after 5 days, only microcrystalline 

precipitates are present, but they are too small to be used for diffractometric analyses.  
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2.3 Conclusions and Outlook 

Unfortunately, the crystallization trials did not succeed in giving a single crystal  suitable 

for X-ray diffraction experiments. Nevertheless, useful conclusions may be derived from these 

experiments, regarding the aging of the sample and the solubility of the nanoparticles under 

different conditions. According to the different results obtained with a fresh sample and a two 

months old one it seems that  the NPs solution undergoes a change during time that cannot be 

prevented by storing the sample at 4 °C. More careful analysis are required to understand the 

reason, but the observation of a 2 months aged sample drop with an optical  microscope reveals 

the presence of a black precipitate. Aggregation of nanoparticles in  solution is a hypothesis that 

may explain this evidence. The following step, then, will be a careful screening of conditions that 

stabilize nanoparticles in solution (pH, presence of additives) at least for the time required for the 

crystals to  grow. The solubility of nanoparticles is strongly influenced by the concentration of 

acetic acid in the reservoir, whereas  methanol and sodium chloride are only required to stabilize 

the sample in solution and avoid a too rapid precipitation. Although the concentration of acetic 

acid in the experiments has been reduced to very low levels, a new method is required to reduce 

the rate of evaporation of the acid from the reservoir, in order to allow a slower increase of its 

concentration in the drop. As far as we were able to test, the temperature decrease has proven to 

be not enough to reduce evaporation rate. Moreover, the crystallization is strongly  affected by the 

homogeneity of the sample. Thus, a new method  to further reduce the size dispersion of NPs 

solution  and a purification step aimed at increasing homogeneity would prove very useful  for new 

crystallization trials, together with the suggestions derived by past crystallization experiments.
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Morphology of Self-Assembled 

Mixed-Monolayers on Gold Nanoparticles 

and Surfaces

 

In the last seven years the use of distinct techniques has revealed the molecular packing of 

the ligands in 3D-SAMs, as discussed in  Section 1.5.[1-4] However, at  present, we lack a real 

understanding of how monomers self-organize around the faceted core of AuNPs when mixtures 

of different thiolated ligands are used to form the monolayer. 

Recent results obtained in our research group demonstrated that ESR spectroscopy is a 

suitable tool to study the partition equilibrium of a radical probe between bulk water and the 

amphiphilic monolayer wrapped around AuNPs. Moreover, this probe allows to “sense”  regions 

of different hydrophobicity present in mixed-monolayer protected clusters composed, for 

example, of a mixture of alkyl- and perfluoroalkyl chains. In  this specific case the experimental 

data suggest a topological organization in “patches” of the thiols with phase-segregation of 

perfluorothiols from the alkyl ones.[4-6] The main parameters involved in the patterning of thiolate-

coated AuNPs have been demonstrated to be the differences in chain lenght, immiscibility of the 

ligands (! parameter), or head group size of the ligands forming the monolayer.[7-9] In our case the 

driving force for the phase segregation of the thiols in the 3D monolayer is the mutual fobicity, 

the very large !, of the hydrophobic portions of the two ligands used for the nanoparticles’ 

coverage. In this case the additional  entropic contribution is insignificant and mixed SAMs will 

always show complete phase separation. More details on the ESR experiments and further studies 

on  this topic will  be presented in this Chapter, together with the design and preparation of 

perfluorinated AuNPs of different sizes. Moreover, also a comparison between mixed-monolayers 

in 3D and in 2D is proposed, by using other characterization techniques such as STM and AFM.

This Chapter, which is divided in two Sections, reports therefore on the synthesis and the 

characterization of water-soluble gold nanoparticles protected by alkyl- and fluorinated 

monolayers, the recent results obtained from ESR measurements on MPCs and micelles formed 

by  similar ligands, in collaboration with Prof. Lucarini (Department  of Organic Chemistry,  
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University of Bologna), and preliminary studies on mixed-monolayers on flat surfaces using STM 

and AFM, in collaboration with Prof. Rudolf (Zernike Institute for Advanced Materials, 

University of Groningen, The Netherlands).
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3.1 ESR Investigation on Mixtures of Homoligand Gold Nanoparticles 

Protected by Immiscible Thiolates  

As introduced in Section 1.5 of the present thesis, the main advantages of ESR in the 

study of SAM-protected AuNPs are the sensitivity of the method, the possibility of obtaining the 

equilibrium constant for the partition of the probe between water and the monolayer, the ability to 

measure tumbling rates on the nanosecond timescale and distances between spin labels in close 

proximity. Due to the short relaxation times of paramagnetic species, ESR gives information 

which is not accessible by NMR, allowing for the study of the dynamics and structural features of 

supramolecular systems. The basic principles and applications of ESR may be found in many 

reviews and books.[10-12]

In the presence of an organic monolayer coating the Au core of the nanoparticle, the 

addition of suitable spin probes gives rise to ESR signals that have been used for the investigation 

of the morphological properties of the monolayer. These investigations rely on a series of p-

substituted  benzyl hydroxyalkyl nitroxides, generated by in situ  oxidation of amine precursors (1 

mM) with Oxone (1 mM) in the presence of varying amounts of AuNPs. The radical probe used in 

our studies is the p-pentylbenzyl-(1-hydroxy-2-methyl-2-propyl)-nitroxide 18, which 

demonstrated to have the highest  affinity for the  monolayer of MPC-C8-TEG 19 due to the 

presence of the p-pentyl with respect  to  other probes with a shorter alkyl group in p-position.[5] 

The ESR spectrum of nitroxide 18  in water, in absence of AuNPs, is a triplet of triplets, due to the 

coupling of the unpaired electron with the nitrogen nucleus (I = 1) and the two equivalent benzyl 

protons (I = 1/2) (Figure 3.1a). The characteristic parameters of the ESR spectra are the g factor, 

which depends on the structure of the radical but doesn’t vary  significantly  with the environment, 

and the hyperfine splitting constants a(N) and a(2H!), which values are strictly dependent on the 

resonance structure assumed by the probe as a consequence of the environment. In  a polar 

environment the prevalent mesomeric structure presents the unpaired electron on the nitrogen 

atom with charge separation. This generates an intense coupling with larger splitting constants. In 

a hydrophobic medium, on the contrary, the mesomeric structure with the electron placed on the 

oxygen atom is prevalent, with a weaker coupling and smaller splitting constants (Figure 3.1b). 
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Figure 3.1 a) ESR spectrum of p-pentylbenzyl hydroxyalkyl nitroxide 18 in water; b) resonance hybrids of the 

nitroxide radical probe.

The ESR spectra of the radical recorded in the presence of protected AuNPs are 

characterized by the presence of two sets of signals due to  the probe embedded in the monolayer, 

in  equilibrium with  the free nitroxide in water. The values of both a(N) and a(2H) decrease 

significantly with respect to the parameters of the probe in water when the spectra were recorded 

in  the presence of MPC-C8-TEG 19, indicating that the aminoxyl group is located  in the less 

polar environment of the monolayer, shielded from the acqueous solvent (Figure 3.2).[5, 13] 

Actually, the field separation (!G) between the low-field lines of the spectrum due to the 

radical being partitioned in water (which can be considered as field markers) or in the monolayer 

decreases from 2.05 G (Figure 3.2) when the sample contains only alkyl-monolayers, and to 1.40 

G in the presence of pure fluorinated monolayers (Figure 3.3a).

!G = 1.40 G               a(N) = 15.67 G 
                                   a(2H) = 8.97 G

Figure 3.2 ESR spectrum of the nitroxide radical probe 18 in the presence of MPC-C8-TEG 19. 

When the measurements were carried out  in the presence of a monolayer composed of 

fluorinated amphiphiles, such as perfluorothiolate 10 (Figure 3.3b), nitrogen  and hydrogen 

splittings are significantly smaller than those measured when the same radical is located in the 
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hydrocarbon monolayer of MPC-C8-TEG 19 (Figure 3.3a). This difference reflects the lower 

polarity of the environment experienced by the nitroxide when dissolved in the F8-PEG 

monolayer, thus demonstrating the possibility of “sensing” the different hydrophobicity of the 

monolayer by ESR spectroscopy.[6] 

!G = 2.05 G               a(N) = 15.50 G 
                                   a(2H) = 8.68 G

+Na-S
O

FF

FF

FF

FF FF FF

FF FF

O

n  

n = 11-12

10

Figure 3.3 a) ESR spectrum of the nitroxide radical probe 18 in the presence of AuNPs covered by b) 

perfluorothiolate 10. 

Previous ESR investigations performed on mixed-monolayers composed of thiolates that differ by 

an alkyl- or a perfluorinated chain showed that if the ratio between the number of C8-TEG and 

F8-PEG chains is less than 2.5 the value of !G is nearly independent from the monolayer 

composition and equivalent to the value found in pure fluorinated monolayers. The equivalence of 

spectroscopic parameters strongly suggests exposure of the probe mainly in islands having a 

polarity similar to that of a homogeneous phase of perfluorinated chains. This behaviour 

corresponds to that expected for a phase separated system different from a homogeneous 

arrangement of the binary mixture of the ligands and confirms the supposed  greater affinity of the 

probe for the perfluorinated region supporting also the phase-segregation of the different thiolates 

with  formation of immiscible “patches”  triggered by the lipophobicity of perfluorocarbons (Figure 

3.4).[3]
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!G = 2.05 G               a(N) = 15.53 G 
                                   a(2H) = 8.71 G

Figure 3.4 ESR spectrum of the nitroxide radical probe 18 in the presence of AuNPs covered by a 1/1 mixed 

monolayer composed of HS-C8-TEG 9 and perfluorothiolate 10. 

With this in  mind, we considered to  prove the formation of “patches” with further 

experiments. First of all, in order to exclude the formation, during the synthesis, of homoligand 

nanoparticles instead of mixed-monolayer protected gold clusters. This was partially 

demonstrated by performing ESR measurements on MMPCs prepared by ligand exchange 

reactions, which gave identical results than the samples obtained by direct  synthesis, thus 

suggesting that the two different synthetic methodologies gave the same kind of nanoparticles.[3] 

In order to definitely  conclude these studies, the last proof to perform was an ESR measurement 

on  a mixture of two populations of homoligand NPs coated by HS-C8-TEG or HS-F8-PEG, 

respectively, to make a comparison with the spectra described above for the 1:1 mixed-monolayer. 

Obviously, in the presence of a blend of homoligand AuNPs a different  ESR spectrum was 

expected than those reported for the mixed-MPCs. The realization of this investigation has 

required the preparation and the complete characterization of homoligand AuNPs coated by 

amphiphilic alkylthiol 9  and perfluorothiolate 10. Then, ESR measurements were carried out on a 

1/1 mixture of these homoligand NPs, and the resulting spectral parameters have been compared 

with those reported for MMPC-C8-TEG/F8-PEG 1/1 and reported in Figure 3.4. 

3.1.1 Synthesis of MPC-C8-TEG and MPC-F8-PEG

The synthesis of the thiols used in the preparation of the homoligand nanoparticles, and the 

synthesis of such nanoparticles have been recently reported in  the literature by our research group.

[6, 14, 15] The proceedings used for the syntheses, and the complete characterization of the 

nanoparticles are described in detail in the following paragraphs. 
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3.1.1.1 Synthesis of HS-C8-TEG 

The amphiphilic thiol C8-TEG 9 is composed of a short alkyl chain (C7) as the 

hydrophobic portion and a triethylene glycol monomethylether (TEG) as the hydrophilic unit. As 

introduced in Section 1.2.1, this compound was designed in order to obtain water-soluble MPCs 

as stable as alkanethiol-protected clusters. Synthesis of compound 9  has been carried out 

following the proceedings reported by Pasquato and Scrimin  (Scheme 3.1).[14] This modular 

synthetic methodology allows to prepare amphiphilic thiols in which  the lenghts of both alkyl 

chain and poly(ethylene glycol) unit can be tuned.
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Scheme 3.1 Synthesis of thiol 9: a) 4-toluenesulfonyl chloride, TEA, DCM, 0 °C to r.t., 20 h, 90%; b) NaN3, 

H2O/MeOH 1/1, 75 °C, 18 h, 90%; c) TPP, THF, 0 °C to r.t., 18 h, quant.; d) KSAc, DMF, 0 °C to r.t., 2 h and 

30 min., 94%; e) SOCl2, DCM, r.t., 3 h, quant.; f) TEA, DCM, r.t., 18 h, 71%; g) MeO-Na+/MeOH, r.t., 1 h, 

then DOWEX DR-2030, quant. 

Thiol 9  was prepared  in seven steps starting from commercially available triethylene 

glycol monomethyl ether 55  and 8-bromooctanoic acid 56, with an overall yield of 54%. Briefly, 
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compound 55  was converted into  the corresponding p-toluenesulfonate 57  in the presence of 4-

toluenesulfonyl chloride and triethylamine in  dry DCM, with 90% yield. Then, 57 was converted 

in  high yield (90%) into azide 58 through nucleophlilic substitution with sodium azide in a 1/1 

water/methanol mixture, by refluxing at 75  °C. Compound 58 was then reduced with 

triphenylphosphine in THF and water, and the corresponding ammonium chloride 59 was isolated 

in  quantitative yield through precipitation of the phosphinoxide with  HCl 5% and washing cycles 

with  diethyl ether. Nucleophylic substitution of 8-bromooctanoic acid 56  with  potassium 

thioacetate in DMF lead to derivative 60, with 94% yield. The corresponding chloride 61 was 

achieved in  quantitative yield by treatment of 60  with thionyl chloride in DCM. Then, coupling 

reaction between ammonium chloride 59 and S-acetyl-8-thiooctanoyl chloride 61 in the presence 

of triethylamine in DCM gave compound 62 with a 71% yield, after purification of the crude by 

column chromatography. Deprotection of thioester 62 was carried out under basic conditions of 

sodium methoxide in methanol, and the corresponding thiol 9 was obtained in quantitative yield.

3.1.1.2 Synthesis of MPC-C8-TEG  

MPC-C8-TEG 19 were prepared following the procedure reported by Pasquato and 

Scrimin, in a hydroalcoholic homogeneous phase (Scheme 3.2).[14] Particular attention was to be 

paid to the Au/thiol molar ratio and to the rate of addition of the reducing agent (NaBH4), that are 

the parameters affecting the size distribution of NPs, because in homogeneous phase the reduction 

rate depends directly  from the NaBH4 concentration. In order to prepare NPs with a gold core of 

about 1.6 nm a 1/2 Au/thiol molar ratio and fast  addition of the reducing agent  have been selected 

as reaction conditions. Briefly, to a 1:1 water:methanol  single phase of tetrachloroauric acid (1 

mg/mL) and of thiol  9 (1.6 mg/mL) at  0 °C, a freshly prepared acqueous solution of NaBH4 (12 

eq.) was added in 10 seconds. The obtained NPs 19 were purified through repeated washing 

cycles with diethyl ether and by gel permeation chromatography on SephadexTM LH-20, and fully 

characterized by 1H-NMR and UV-vis absorption spectroscopies, TEM analysis and TGA.    
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Scheme 3.2 Synthesis of MPC-C8-TEG 19 of 1.6 nm. 
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The 1H-NMR spectrum of NPs 19 shows the typical broadening of the signals in 

comparison with the spectrum of thiol 9  (Figure 3.5). This is due to different factors: a) 

methylenes closest to the thiolate/Au interface are the most densely packed and solid like, and 

thereby experience fast  spin relaxation from dipolar interactions. Methylenes furthermost from 

the Au core experience freedom of motion and spin relaxations more similar to those of dissolved 

species. This broadening effect  rests on structural features of the monolayer. b) Spin-spin 

relaxation (T2) broadening depends on the rate of tumbling of the cluster molecules in solution, 

and for the methyl resonance should vary as r-3, where r is the average methyl-to-Au core center 

distance; c) low mobility of the ligands and NPs themselves in solution; d) the presence of 

equivalent protons in different chemical environments; e) the discontinuity of the diamagnetic 

susceptibility at the gold-layer interface; f) the residual dipolar C-H interactions. This last factor, 

in  particular, determines the broadening of the signals close to  the gold surface. Indeed, the S-CH2 

signal can not be observed in the spectrum because completely broadened on the baseline. As 

expected, the signals broadening is more pronounced in the spectra of larger NPs.

 

Figure 3.5 a) 1H-NMR (500 MHz, CDCl3) spectrum of HS-C8-TEG 9 and b) 1H-NMR (400 MHz, CDCl3) 

spectrum of MPC-C8-TEG 19. 

The UV-vis absorption spectrum, Figure 3.6, shows a monotonic decrease of the 

absorbance and the lack of the surface plasmon band at around 520 nm, suggesting that the 
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nanoparticles are smaller than 3 nm in diameter, as confirmed by TEM measurements, that 

revealed an average core diameter of 1.5 nm with a standard deviation of 0.3 nm, as expected on 

the basis of the synthetic strategy used.
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Figure 3.6 a) UV-vis spectrum (MeOH, c = 0.1 mg/mL), b) TEM image and c) size histogram of MPC-C8-

TEG 19.

 

Thermogravimetric analysis shows a 45.58% of organic material over the total weight of 

the nanoparticles (Figure 3.7). The combined TEM and TGA data allow to calculate an average 

NPs’ composition of Au102(S-C8-TEG)50, similar to other samples prepared using the same 

reaction conditions.[13, 14] 
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Figure 3.7 TGA of NPs 19.  

 

3.1.1.3 Synthesis of HS-F8-PEG 

The amphiphilic thiol  F8-PEG 66 is composed of a perfluorocarbon unit made of eight 

CF2 and  a short  polyethylene of molecular weight 550, with 11-12 oxoethylene units. MPCs 

protected by 66 have been demonstrated to have a perfluorinated region with high hydrophobicity 

and lipophobicity close to the gold surface and the hydrophilic PEG-chain that imparts solubility 

in  water, as described in Section 1.2.1.[6] Synthesis of compound 66 has been performed following 

a recent staightforward strategy reported by Pasquato and co-workers, who prepared different C8-

perfluoroalkyl thiols 63-66  bearing a poly(oxoethylene) chain of different lenght, in good yields 

(Figure 3.8).[15] 

HS
O

FF FF

FF FF

O
n2

63 n = 3

64 n = 4

65 n = 6

66 n = 11-12

Figure 3.8 Fluorinated amphiphilic thiols 63-66 reported by Pasquato and co-workers.[15]  
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Scheme 3.3 Synthesis of thiol 66: a) 4-toluenesulfonyl chloride, TEA, DCM, 0 °C to r.t., 18 h, 95%; b) 68, 

KOH, dioxane, reflux, 18 h, 73%; c) TfCl, TEA, DCM, 0 °C to r.t., 20 h; d) KSAc, r.t., DMF, 4 h, yield of 

steps c-d) 72%; e) AcCl, MeOH/DCM, 0 °C to r.t., overnight and then AcCl, 0 °C to r.t., overnight, 93%. 

Thiol 66  was prepared in five steps starting  from commercially available monomethyl-

PEG550 67 and hexadecafluorodecanediol 68, with an overall yield of 46% (Scheme 3.3). Briefly, 

compound 67  was converted into  the corresponding p-toluenesulfonate 69  in the presence of 4-

toluenesulfonyl chloride and triethylamine in dry DCM, with 95% yield. 68 was converted into  70 

by  nucleophlilic substitution with 69 in presence of potassium hydroxide in dioxane. The crude 

product was purified from unreacted diol 68 and bis-substituted byproduct by column 

chromatography to give compound 70 in 73% yield. Alcohol group of 70 was converted into the 

good  leaving group triflate with triflic chloride and triethylamine. The triflate derivative was 

obtained in quantitative yield and used without purification in order to  avoid  the possible 

hydrolysis to the corresponding alcohol. Nucleophylic substitution of triflate with potassium 

thioacetate was carried out  in N,N’-dimethylformammide, by avoiding light exposure. Product 71 

was recovered  in good yield (72%) after purification by column chromatography. The thiol 

protecting group was removed under acidic conditions, with  HCl generated in situ from AcCl and 

MeOH in DCM to give thiol 66 in 93% yield. 
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3.1.1.4 Synthesis of MPC-F8-PEG

MPCs 72 were synthesized in homogeneous phase using  sodium thiolate of 66, because of 

the low nucleophilicity of the !-perfluorinated thiol  due to the withdrawing effect of the 

perfluorinated chain, following the proceedings recently reported by our research group (Scheme 

3.4).[6] Briefly, thiolate 10 was prepared by adding a methanol solution of sodium methoxide to 

thiol 66, under inert  atmosphere and  using deoxygenated  solvent. In order to achieve NPs with a 

gold  core smaller than 3 nm a 1/2 Au/thiol molar ratio was used and the reducing agent (NaBH4) 

was added rapidly to the reaction mixture. Reduction was performed at room temperature, and not 

at 0 °C as in the case of MPC-C8-TEG 19, in order to favour the solubilization of the thiolate and 

the NPs in  the reaction medium. Thiolate 10 was added to an acqueous solution of HAuCl4 

through a double-tipped needle, under argon atmosphere, and reduction by addition of an 

acqueous solution of NaBH4 (12 eq.) lead to  the formation of a deep  brown solution. After 

purification with repeated  washing cycles with diethyl ether, NPs 72 were isolated in high yield 

and fully characterized by 1H-NMR and UV-vis absorption spectroscopies, TEM and TGA.    
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Scheme 3.4 Synthesis of MPC-F8-PEG 72.

The 1H-NMR spectrum of MPC-F8-PEG and of thiol  66 are reported  in Figure 3.9. 

Broadening of the peaks and the absence of the signal pertaining to the CH2 in !-position with 

respect to the thiolate can be appreciated in the NPs spectrum. The signal at  1.8 ppm is due to the 

presence of residual water entrapped inside the PEG-region of the monolayer.  
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Figure 3.9 1H-NMR (500 MHz, CDCl3) spectrum of a) HS-F8-PEG 66 and b) MPC-F8-PEG 72.

The UV-vis absorption spectrum of the NPs do not present  the surface plasmon band  and 

consequently suggests that  the gold core is smaller than 3 nm, as expected from the reaction 

conditions used. TEM analysis revealed an average size of the gold core of 2.5 nm with a standard 

deviation of 0.8 nm (Figure 3.10). The larger size dispersion of the sample with respect, for 

example, to that reported for MPC-C8-TEG, may be due to the reduction of the gold salt at room 

temperature, which generally leads to more dispersed material than reduction at 0 °C. 
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Figure 3.10 a) UV-vis spectrum (MeOH, c = 0.1 mg/mL), b) TEM image and c) size histogram of MPC-F8-

PEG 72.

This NPs were characterized by thermogravimetric analysis. The sample showed a 

41.86% weight loss (Figure 3.11). The combination of TEM and TGA allowed to calculate an 

average composition of MPC-F8-PEG 72, that is Au590(S-F8-PEG)80.  
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Figure 3.11 TGA of NPs 72.
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3.1.2 ESR Measurements 

Here we present an ESR spectroscopy study aimed to prove that the synthesis of AuNPs 

in  the presence of mixtures of alkyl- and perfluoroalkyl-thiolates enables the formation of a 

mixed-monolayer composed by both the ligands and hence to exclude that a blend of homoligand 

nanoparticles is obtained. This has thought to be demonstrated by ESR spectroscopy, by which 

also other peculiar properties of alkyl- and perfluoro-nanoparticles had been highlighted, due to 

the capacity of a specific probe to “sense” and to distinguish monolayers with  different 

hydrophobicities.  

To this aim, an ESR investigation on a 1/1 mixture as molar concentration of HS-C8-

TEG/HS-F8-PEG of homoligand AuNPs MPC-C8-TEG 19 and MPC-F8-PEG 72 was performed 

(Figure 3.12). 

!G = 1.91 G               

                                   

Figure 3.12 ESR spectrum of the nitroxide radical probe 18 in the presence of a 1/1 mixture of homoligand 

nanoparticles MPC-C8-TEG 19 and MPC-F8-PEG 72.  

As expected, the spectral pattern  is significantly different than that previously seen for the 

nanoparticles supposed to  be covered by a 1/1 alkyl/perfluoroalkyl-monolayer. In fact, the field 

separation (!G) between the low-field lines due to radical 18 partitioned in water (that  resonates 

always at  the same field  value and can be considered as a field marker) and in the monolayer of a 

mixture of nanoparticles 19 and 72  has a value intermediate between that  recorded in the presence 

only  of MPC-C8-TEG 19 or MPC-F8-PEG 72, thus confirming that the method is very  sensitive 

to  our systems and it is also able to discriminate between mixtures of homoligand nanoparticles 

and mixed-monolayer protected clusters covered by the same immiscible ligands. While in the 

case of MMPC-C8-TEG/F8-PEG in 1/1 molar ratio the probe is partitioned exclusively in the 

perfluorinated regions, and  the spectral parameters are identical to those reported for a completely 

fluorinated monolayer, in the presence of a 1/1 mixture of homoligand nanoparticles it  senses also 
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the presence of the alkyl monolayer of MPC-C8-TEG, thus confirming our hypothesis about the 

effective formation of a mixed-monolayer protecting the gold core and its organization in 

immiscible “patches”. 

A deep understanding of the morphological  properties of mixed 3D-SAMs on gold is of 

great interest for their potential application in  materials science and in biology-related 

exploitation. For example, the presence of domains of different groups at the particles’ surface 

may find application for multivalent recognition processes or in the mimesis of enzyme activity 

by favouring the catalytic cooperativity of close functional groups. 

Moreover, while the properties of AuNPs protected by alkylthiols and amphiphilic ligands 

containing an alkyl portion has been studied  in deep and the application of these structures is 

under active investigation, the information about AuNPs coated by fluorinated amphiphiles is still 

limited. In particular, while MPC-F8-PEG in the size range of 2-3 nm have been prepared, 

purified, characterized and investigated by ESR, larger perfluorinated AuNPs have never been 

prepared yet. We thought that it would be interesting to compare the properties of smaller MPC-

F8-PEG with those of larger ones, in order to find out the most suitable system for application 

purposes. To this aim, another goal of our research was to prepare MPC-F8-PEG with a gold core 

diameter of about 5 nm, to underline similarities and differences with the smaller systems 

previously reported. These issues are discussed in the following paragraph. 

The study of the self-organization of amphiphilic thiols of different  nature was extended 

to  other systems such as micelles. In particular we attempted the formation of micelles using the 

protected thiols 62, 71, and 73. Compound 73, called AcS-C8-PEG, was designed in order to  have 

the same lenght  of perfluoroalkyl-derivative 71. AcS-C8-PEG 73 was prepared following the 

proceedings used for the synthesis of AcS-C8-TEG 62, the only difference being in the 

substitution  of the TEG portion with a polyethylene of molecular weight 550. The synthesis was 

performed in six steps, starting from commercially available 8-bromooctanoic acid 56 and 

monomethyl-PEG550 67 (Scheme 3.5). The final product was isolated and fully  characterized by 

1H- and 13C-NMR, MS-ESI and IR spectra.
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Scheme 3.5 a) KSAc, DMF, 0 °C to r.t., 2 h and 30 min., 94%; b) SOCl2, DCM, r.t., 3 h, quant.; c) 4-

toluenesulfonyl chloride, TEA, DCM, 0 °C to r.t., 18 h, 95%; d) NaN3, H2O/MeOH 1/1, 75 °C, 18 h, 91%; e) 

TPP, THF, 0 °C to r.t., 18 h, quant.; f) TEA, DCM, r.t., 18 h, 89%.

Briefly, compound 67  was converted into the corresponding p-toluenesulfonate 69, then 

69  was converted in high yield (91%) into azide 74 through nucleophlilic substitution with 

sodium azide in a 1/1  water/methanol mixture, by refluxing at 75 °C. Compound 74 was then 

reduced with triphenylphosphine in THF and water, and the corresponding ammonium chloride 

75  was isolated in quantitative yield through precipitation of the phosphinoxide with HCl 5% and 

washing cycles with diethyl ether. S-Acetyl-8-thiooctanoyl chloride 61 was achieved in  high 

yields as previously reported for the synthesis of compound 9. Coupling reaction between 

ammonium chloride 75  and 61 in the presence of triethylamine in DCM gave compound 73 with  a 

89% yield, after purification of the crude by column chromatography. 

The idea was to form homomicelles and mixed micelles composed of variable ratios of 

the thioacetates 62, 71, and 73 and to investigate their topological organization by ESR. However, 

whereas 71 does form micellar aggregates in  water solution, 62 and 73  do not. We then replaced 

62  and 73  with BrijTM 100, a commercially available surfactant. However, mixtures of 71 and 

BrijTM very likely give rise to homomicelles as revealed by preliminary ESR experiments. A more 

complete investigation on the nature of the aggregates and of their properties is necessary before 

drawing any conclusion from the preliminary experiments carried out.  
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3.1.2.1 Synthesis of 5 nm MPC-F8-PEG

Preliminary experiments showed that the synthetic procedure set  up to prepare 2.5 nm 

perfluorinated NPs was not suited to give 5 nm NPs changing only the Au/SR molar ratio. For this 

reason we decided to follow a methodology recently reported by Stellacci and co-workers, in 

which NPs coated by mixed monolayers with an average core diameter of 4-5 nm were prepared 

in  homogeneous alcoholic phase.[16] Briefly, to  an ethanol solution containing the gold salt and 

thiolate 10, a saturated ethanol solution of sodium borohydride was added dropwise, at room 

temperature (Scheme 3.6). After purification  by repeated  washing cycles with diethyl ether 

followed by gel permeation chromatography with SephadexTM LH-20, NPs 76 were isolated in 

high  yield  and fully characterized by 1H-NMR and UV-vis absorption spectroscopies, TEM and 

TGA.    
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Scheme 3.6 Synthesis of MPC-F8-PEG 76.

The 1H-NMR spectra of these MPC-F8-PEG and of thiol  66  are reported in Figure 3.13. 

Also  in this case broadening of the peaks and the absence of the signal  related to the CH2 in !-

position  with respect of the thiolate are characteristic in the NPs 1H-NMR spectrum. The signal at 

around 2.0 ppm may be due to the presence of water in the PEG-region of the monolayer.       
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Figure 3.13 1H-NMR (500 MHz, CDCl3) spectrum of a) HS-F8-PEG 66 and b) MPC-F8-PEG 76.

In the UV-vis absorption spectrum of the NPs a broad SPB at around 520 nm suggests that 

the gold core is larger than 3 nm, as expected from the procedure used. TEM analysis revealed 

that the average diameter of the gold  core is 5.0  nm with a standard deviation of 1.2 nm. The UV-

vis absorption spectrum, a TEM image and the size distribution histogram are reported (Figure 

3.14). 
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Figure 3.14 a) UV-vis spectrum (MeOH, c = 0.1 mg/mL), b) TEM image and c) size histogram of MPC-F8-

PEG 76.

A 34.71% weight loss was measured by thermogravimetric analisys (Figure 3.15). In 

agreement with TEM measurements and TGA the average composition of MPC-F8-PEG 76 is 

Au4500(S-F8-PEG)450. 
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Figure 3.15 TGA of NPs 76.

These AuNPs are fully water soluble, as the smaller ones, thus representing an interesting 

object in the study aimed in the biological application of AuNPs as for 19F magnetic resonance. 
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3.2 Short-Chain Perfluorothiols to Study the Topological Organization of 

Mixed-Monolayers on 2D-Surfaces

In this Section, our attempts to  obtain information about the topological organization of 

3D-SAMs by comparison with mixed-monolayers on planar gold surfaces are reported. As 

mentioned in Chapter 1, scanning probe microscopy investigations, such as AFM and STM, are of 

foundamental importance in the comprehension of the monolayer’s morphology both in 3D and in 

2D-SAMs. The design and the synthesis of two new fluorinated ligands which have been used for 

the measurements of 2D-SAMs, and observations about the first results are reported. 

Preliminary AFM measurements of SAMs on gold surfaces protected  by the previously 

reported perfluoroalkylthiols 63-66, differing in the length of the oxoethylene chain but not in the 

degree of fluorination, have been performed.[15, 17] These first investigations evidenced that such 

molecules are too long to obtain reliable data also in the case of thiol 63, having the shortest 

ethylene glycol  chain. These results had been predicted, in fact AFM is expected to provide 

reliable data only in the presence of chains shorter than 16 carbon atoms. Consequently, we 

decided to synthesize the two new fluorinated thiols reported in Figure 3.16 and to perform AFM 

and STM measurements on gold surfaces protected by a mixed-monolayer of these fluorinated 

compounds and dodecanethiol as the alkyl component. The two fluorinated  thiols are 

characterized by the presence of a single oxoethylene unit  or a methoxy group linked to the 

perfluoro-chain. Dodecanethiol was chosen for the relative lenght  with respect  to those of the 

perfluorothiols. 
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Figure 3.16 Structures of the short-chain perfluorothiols 77 and 78, designed for scanning probe 

investigations on planar gold surfaces.

3.2.1 Synthesis of the Short-Chain Perfluorothiols

Thiol 77 was obtained in  four steps, starting from commercially available 

hexadecafluorodecanediol 68, with an overall yield of 14% (Scheme 3.7).    
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Scheme 3.7 a) NaH, CH3I, THF, r.t., overnight, 29%; b) TfCl, TEA, DCM, 0 °C to r.t., 17 h; c) KSAc, r.t., 

DMF, 4 h, overall yield of steps b-c) 57%; d) AcCl, MeOH/DCM, 0 °C to r.t., overnight and then AcCl, 0 °C 

to r.t., overnight, 86%. 

Briefly, monomethylation of diol 68  was carried out by using NaH and iodomethane, and 

compound 79 was recovered after purification by column chromatography in 29% yield. Alcohol 

group of 79  was converted into the good leaving group triflate with triflic chloride and 

triethylamine. The triflate derivative was obtained in quantitative yield and used without 

purification in  order to  avoid reaction  with moisture. Nucleophylic substitution on triflate with 

potassium thioacetate was carried  out in N,N’-dimethylformammide, by avoiding light exposure. 

Product 80 was recovered in good yield (57%) after purification by column chromatography and 

fully characterized. The thiol protecting group was removed under acidic conditions, with HCl 

generated in situ from AcCl and MeOH in DCM to give thiol 77 in  86% yield. The compound has 

been characterized by 1H- and 13C-NMR spectra and mass spectroscopy.  

Thiol 78 was prepared in five steps starting  from commercially available 2-methoxy 

ethanol 81 and hexadecafluorodecanediol 68, with an overall yield of 49% (Scheme 3.8). 
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Scheme 3.8 a) 4-toluenesulfonyl chloride, TEA, DCM, 0 °C to r.t., 16 h, 78%; b) 68, KOH, dioxane, reflux, 

17 h, 76%; c) TfCl, TEA, DCM, 0 °C to r.t., 19 h; d) KSAc, r.t., DMF, 4 h, overall yield of steps c-d) 83%; e) 

AcCl, MeOH/DCM, 0 °C to r.t., overnight and then AcCl, 0 °C to r.t., overnight, quant. 
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Briefly, compound 81 was converted into the corresponding p-toluenesulfonate 82  in  the 

presence of 4-toluenesulfonyl chloride and triethylamine in dry DCM, with  78% yield; then 

nucleophlilic substitution on 68  in presence of potassium hydroxyde in dioxane was performed, 

by  refluxing for 18 h. The crude product was purified from unreacted diol 68  and  bis-substituted 

byproduct by column chromatography to give compound 83 in 76% yield. Alcohol group of 83 

was converted into the good leaving group triflate with triflic chloride and triethylamine. The 

triflate derivative was obtained in quantitative yield and used without purification in order to 

avoid hydrolysis. Nucleophylic substitution on  triflate with potassium thioacetate was carried out 

in  N,N’-dimethylformammide, by avoiding light exposure. Product 84  was recovered in good 

yield (83%) after purification by column chromatography, and fully characterized. The thiol 

protecting group was removed under acidic conditions, with  HCl generated in situ from AcCl and 

MeOH in DCM to give thiol 78  in  quantitative yield. The compound has been characterized by 

1H- and 13C-NMR spectra and mass spectroscopy.  

3.2.2 Preliminary Results

STM measurements have been performed on 2D-SAMs composed of perfluorothiol 77 or 

78  and dodecanethiol. No reliable data about the morphology of the monolayer was obtained from 

these investigation. This because chemical changes in the structure of the ligands were detected 

during measurements. This modification is likely due to  the combination of the energy associated 

to the voltage and to the presence of Au that can behave as a catalyst. 

We have run some experiments in the lab and we have observed chemical degradation of 

both  perfluorothiols 77 and 78 also during the synthesis of gold nanoparticles protected by these 

thiols. Mass spectroscopy showed the loss of fluorine atoms. Further studies are required to 

understand the chemistry of this processes, and by now we have tried to make preliminary 

deductions by referring to some examples reported in the literature.

Grunze and co-workers studied the low-energy electron (10 eV) induced damage in 

alkanethiolate and semifluorinated SAMs using a combination of near-edge X-ray absorption fine 

structure spectroscopy (NEXAFS), XPS, and infrared spectroscopy.[18] Results from these studies 

indicate that low-energy electron irradiation on semifluorinated SAMs induces chemical changes 

in  the ligands, progressive disordering of initially  well-ordered densely packed SAMs, and 

desorption of the thiolate head groups with consequent formation of other sulfur species. In detail, 

modification of the monolayer is due to simultaneous electron-induced C-C, C-H, C-F, C-S and  S-
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Au bond breaking. The fluorocarbon portion becomes depleted of fluorine, and defluorination 

proceeds via a series of consecutive C-F bond-breaking events: CF3 tail groups disappear, partial 

transformation of CF3 and CF2 groups into CF moieties occurs, and a small portion of 

fluorocarbon chain loses fluorine completely, leading to C=C double bond formation. These 

results have been confirmed also by Fairbrother and co-workers, who performed a similar study 

on SAMs composed by fluorinated thiol 85 (Figure 3.17).[19, 20] 
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Figure 3.17 a) Schematic representation of the induced modification to the semifluorinated SAM adsorbed on 

Au as a function of irradiation time reported by Fairbrother and b) fluorinated thiol 85 used in these studies.[19]  

 

The identification of the chemical species obtained after STM measurements is actually an 

open issue in our research  group. It  is however clear that thiols 77 and 78  are not suited  for STM 

studies. 

As a general  conclusion, we can say that an important issue in the field of SAMs is their 

modification by  light, X-ray, and electron-irradiation. This modification can occur unintentionally 

during the characterization of these systems by conventional spectroscopic techniques, but the 

effect of such morphological  changes should be considered not only as a practical  limitation, but 

as a technologically relevant property, instead. Our efforts now are aimed also in this direction. 
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Synthesis and Biological Application 

of Water-Soluble Gold Nanoparticles 

Carrying GM3 Lactone Analogues 

in the Monolayer 

This project is aimed to prepare water-soluble AuNPs bearing a mixed-monolayer 

composed of amphiphilic PEG-ending thiolates and functional thiolates in order to achieve 

biomimetic recognition systems. In particular, we are interested in a mimetic of the tumour 

associated antigen GM3 Lactone, which synthesis has been recently reported by Nativi and co-

workers.[1] Our aim is to study new synthetic approaches to prepare AuNPs-GM3 Lactone 

analogue bioconjugates to understand if the presence of multiple units of antigen  moieties 

anchored on the surface of AuNPs could favour multivalent recognition processes and how to 

improve this phenomenom. The first point we decided to investigate in this project concerns the 

development of different synthetic methodologies to prepare nanoparticles bearing the GM3 

Lactone mimetic in the protective monolayer. The second goal  regards the study of how structural 

parameters may affect the binding between AuNPs bearing the antigen-mimetic and the 

corresponding antibody. Water-soluble functional NPs with different core sizes, different loadings 

of the antigen-moiety, and bearing functional  ligands with  different chain lenghts were prepared 

to  this aim. The third point of the project  concerns the delivery application of the new 

bioconjugates in the antimelanoma biological therapy, thus the immunogenicity and the 

compatibility with living systems of the prepared NPs were evaluated through biological essays.  

This Chapter, which is divided in  three Sections, reports therefore on the synthesis and 

characterization of water-soluble gold nanoparticles protected by a mixed monolayer containing 

the  GM3 Lactone analogue and the evaluation of the biological effects of the new bioconjugates. 

This project is carried out in  collaboration  with the research group of Prof. Nativi (Department of 

Organic Chemistry, University of Firenze). 
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4.1 Synthesis of the Thiolated Derivatives of the GM3 Lactone Analogue

 

The thioether-bridged mimetic 52 of GM3 Lactone reported by Nativi and co-workers[1] 

has been modified by the same research group to be suitable for the conjugation with AuNPs. A 

thioacetic moiety was introduced at the alkylchain end, and we provided for its deprotection in 

order to achieve a free thiol group, able to bind the particles’ metal surface. Two derivatives of 52, 

with  different chain lenghts, were syntesized: compound 86, with a short linker, that we named 

“AcS-Glyco short-chain”, and compound 87, having a longer chain, named “AcS-Glyco long-

chain” (Figure 4.1). The choice to bind two derivatives of different lenghts to AuNPs is motivated 

by  the necessity to evaluate the exposure of the Glyco moiety from the monolayer and to find a 

greater flexibility when a long chain is used. This type of approach has been largely used, e. g. in 

the realization of self-assembled monolayers on 2D to study cell-matrix interactions.[2]
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Figure 4.1 Structures of GM3 Lactone analogue 52, AcS-Glyco short-chain 86 and AcS-Glyco long-chain 87. 

Following  basic procedure for the deprotection of thioacetates to give the corresponding 

thiols, we performed the synthesis of the thiolated derivatives 88 and 89 under basic conditions 

using a 0.5 M sodium methoxide solution. Deprotection of thioacetate 86 was carried out in 

deoxygenated methanol using 3 eq. of sodium methoxide and the reaction was quenched using  

ion exchange resin DOWEX DR-2030 to  pH 7 (Scheme 4.1a). Thiol 89  was obtained from 

compound 87 in a 10/1 deoxygenated mixture of methanol/chloroform to achieve complete 

solubilization of AcS-Glyco long-chain, that was not fully  soluble in methanol alone. Since AcS-

Glyco long-chain 87 presents only the thiol group protected, only 1.5 eq. of sodium methoxide 

have been used. As in the case of the short-chain functional thiol, a key  step in this reaction is the 
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neutralization of the reaction mixture in order to obtain the protonated form of the thiol. It is 

important not to reach an acidic pH, because it could affect  the anomeric carbon, and it is also 

foundamental not to  remain under a basic environment, because it  could catalyze the oxidation to 

disulfide. For these reasons pH has been regulated precisely to neutrality with the addition of 

small amounts of the ion-exchange resin DOWEX DR-2030 (Scheme 4.1b). T-Glyco short- and 

long-chain were obtained in quantitative yields and characterized by 1H-NMR spectroscopy.  
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Scheme 4.1 Deprotection of a) thioacetate 86 and b) 87 to achieve functional thiols 88 and 89, respectively. 

4.2 Synthesis of Glyco-Nanoparticles

In this Section the rational on which the approaches for the synthesis of the water-soluble 

functional AuNPs were set up is illustrated. First of all, the choice of a suitable “diluting-ligand” 

to  be used together with the functional thiol had to be taken. Such ligand had to be designed in 

order to impart high solubility under physiological  solutions to  the NPs and to  confer stability to 

the monolayer under a wide range of conditions. Moreover, this capping agent has to  favour the 

exposure of the functional antigenic moiety from the monolayer, therefore the lenght of the ligand 

should  be adequate. In our first  attempts we have used HS-C8-TEG 9[3] that  matches our needs. 

Synthesis of MPC-C8-TEG 19 and their functionalization by ligand-exchange have been carried 

out. Due to the difficulties in the introduction  of the functional thiol in the monolayer of MPC-C8-

TEG 19, another ligand has been taken into consideration in spite of thiol  9: HS-C11-EG4 6, that 

is commercially available.[4] The synthesis of MPC-C11-EG4 and trials for their functionalization 

with  thiols 88 and 89 were performed. The synthetic conditions have been tuned in order to 

fabricate MPCs with different core sizes, the smaller ones having an average gold core diameter 
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of 2-4 nm, the larger ones presenting an average core size distribution in the range of 5-8 nm. For 

the preparation of larger NPs the heat-treatment approach was experienced. Both T-Glyco short-

chain 88 and long-chain 89 were used to obtain  functional NPs. Nanoparticles with different 

loadings of 88 and 89 were prepared. 

A simplified system, with a mixed-monolayer composed from dodecanethiol and from 

thiol 88 was designed, to avoid possible interactions between the functional thiols and the PEG 

residue in the monolayer.

Finally, naked gold colloids having an average core diameter of 13 nm were prepared and 

passivated with a mixture of thiol 6 and functional thiol 89, in order to investigate if differences in 

the NPs size may affect the interaction of the bioconjugate with the specific target. 

4.2.1 Direct Synthesis of MMPC-C8-TEG/Glyco Short-Chain   

The first approach we decided to follow in the fabrication of water-soluble MMPCs 

containing the short-chain thiolated derivative of the GM3 Lactone analogue is direct  synthesis. 

The reduction of tetrachloroauric acid was conducted in the presence of a 10/1 mixture of HS-C8-

TEG 9 and T-Glyco short-chain 88, using a 1/2  molar ratio between gold and the total moles of 

the two thiols, in a water-methanol medium. The choice of thiol 9 is due to the fact that this ligand 

confers both peculiar stability to  the clusters, similar to alkanethiols, and water-solubility, which 

is required  for the pharmacological application. Following the procedure for the synthesis of 

MPC-C8-TEG 19  reported by Pasquato and co-workers,[3] a blend of 9 and 88 in methanol was 

added to a solution of tetrachloroauric acid in  water. An acqueous solution of NaBH4 (12 eq.) as 

the reducing agent was then added rapidly at 0°C to the reaction  mixture, determining clusters 

formation (Scheme 4.2). 
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Scheme 4.2 Direct synthesis of MMPC-C8-TEG/Glyco 90.  
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After purification through repeated washing cyles with diethyl ether, the characterization 

of the NPs through 1H-NMR spectroscopy revealed the presence in the monolayer of thiol 9  only, 

indicating that the functional  thiol did not enter in the monolayer. This suggests that  the direct 

synthesis, that  is usually a rapid and efficent methodology to prepare MMPCs, may be not 

suitable in this specific case. Perhaps, degradation of the sugar moiety occurs, due to the harsh 

reduction conditions of this procedure. Moreover, this method implies a substantial consumption 

of the functional ligand, that has to be used in a large excess, and this is not compatible with our 

objectives, due to the small amount  of antigen-mimetic available. With this in mind we decided to 

perform the synthesis of the functional NPs through ligand-exchange reactions, in which neutral 

conditions are used. 

4.2.2 Synthesis of MMPC-C8-TEG/Glyco Short-Chain via Ligand-Exchange 

Reactions

Ligand-exchange reactions with increasing amounts of the functional thiol 88 have been 

carried out, using  MPC-C8-TEG 19 as the water-soluble scaffolds, that were prepared following 

the procedure reported in the literature and  discussed in Section 3.1.[3] The exchange reactions 

were performed adding a methanol solution of the functional thiol to a solution of NPs 19, 

dissolved  in methanol, using a 10/1, 5/1, 1/1 molar ratio between HS-C8-TEG and T-Glyco short-

chain for NPs 91, NPs 92 and NPs 93, respectively (Scheme 4.3). 
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Scheme 4.3 Synthesis of MMPC-C8-TEG/Glyco 91-93 through ligand-exchange reactions.

After purification through repeated washing cyles with diethyl ether, the characterization 

of the NPs through 1H-NMR spectroscopy revealed the presence in the monolayer of thiol 9  only. 

One hypotesis that may justify this behaviour is that the amide groups in the monolayer of 19 
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could undergo hydrogen bonding when the NPs were dried up too much and in such case the 

income of the functional thiol  would be hindered. For this reason we decided to use NPs protected 

by HS-C11-EG4 6, to avoid this eventual problem.

4.2.3 Synthesis of MMPC-C11-EG4/Glyco Short-Chain via Ligand-Exchange 

Reaction 

The ligand used in the synthesis of these NPs is HS-C11-EG4 6, which has been reported 

by  Brust  and co-workers, as described in Section 1.2.[4] Nanoparticles of two size ranges (2-3 nm 

and 5-6 nm) can be prepared with thiol 6, as reported in the literature. This commercially 

available thiol represents a valid alternative to the use of HS-C8-TEG 9. Nanoparticles coated 

with  this thiol are as stable as alkylthiol-capped monolayer protected clusters and do not 

aggregate from acqueous solution under a wide range of stringent  conditions. We prepared MPC-

C11-EG4 of two different sizes according to the proceedings reported in  the literature[4] (Scheme 

1.4). 

4.2.3.1 Synthesis of MPC-C11-EG4

Briefly, smaller MPC-C11-EG4 8 were prepared following a single-phase reduction 

method in 2-propanol  solution. The synthesis was carried out in the presence of concentrated 

acetic acid in order to prevent possible deprotonation of thiols after addition of excess 

borohydride. We used a 1/0.6 gold/thiol molar ratio to obtain particles of about 2.5 nm. A 

methanol solution of NaBH4 (33 eq.) was added quickly to the reaction mixture at  0 °C. These 

NPs, obtained as a dark brown solid, have been purified through repeated washing cycles with 

diethyl ether and ethyl acetate and through gel  permeation chromatography on SephadexTM 

LH-20. 

MPC-C11-EG4 7 of about 5 nm were obtained in a water-toluene two-phase system 

composed by an acqueous solution of HAuCl4 (30 x  10-3 M) and a toluene solution of 

tetraoctylammonium bromide (4.4 eq.), by reduction with acqueous NaBH4 (12 eq.). In this case 

the reduction was carried out at room temperature, with dropwise addition of the reducing agent 

in  one hour. Subsequent stabilization  by addition of HS-C11-EG4 6  dissolved in 2-propanol (0.6 
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eq.) was carried out.  These NPs, obtained as a golden-purple solid, have been purified through 

several washings with diethyl ether and gel permeation chromatography on SephadexTM LH-20. 

NPs 7  and 8 were characterized by 1H-NMR and UV-vis spectroscopies. The 1H-NMR 

spectra of the NPs and, by comparison, the 1H-NMR spectrum of thiol 6, are reported (Figure 

4.2). In the NPs’ spectra it  is possible to identify the signals of the ligand with the typical 

broadening of the peaks and the absence of the methylene group in !-position to the sulfur atom, 

that is typical for a thiol bound to the gold core. 

 

 

Figure 4.2 a) 1H-NMR (500 MHz, CD3OD) spectrum of HS-C11-EG4 6; b) 1H-NMR (400 MHz, CD3OD) 

spectrum of small MPC-C11EG4 8; c) 1H-NMR (500 MHz, CD3OD) spectrum of large MPC-C11-EG4 7. 

The UV-vis spectrum of 8 clearly reveals a negligible surface plasmon band, confirming 

that the nanoparticles are smaller than  3  nm in diameter (Figure 4.3a), while the UV-vis spectrum 

of 7 shows a pronounced surface plasmon band with !max at 521 nm, suggesting that the NPs are 

larger than 3 nm in diameter (Figure 4.3b). 
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Figure 4.3 UV-vis spectrum (MeOH, c = 0.1 mg/mL) of a) small MPC-C11-EG4 8 and b) large MPC-C11-

EG4 7. 

4.2.3.2 Functionalization of  MPC-C11-EG4 with T-Glyco Short-Chain via Ligand-

Exchange Reaction 

The next step after the synthesis of the water-soluble scaffold-NPs is the introduction of a 

specific amount  of functional thiol 88  in the monolayer of 7 and 8  via ligand-exchange reactions. 

We tested the possibility to exchange the thiolates of MPC-C11-EG4 8  by using 0.5 eq. (with 

respect to the ligand forming the monolayer) of 1-dodecanethiol  as the incoming thiol in  ethanol 

at 28 °C for 72 hours. Under these conditions we obtained mixed-monolayer protected NPs 

composed of a mixture ot  the two thiolates (Scheme 4.4). This was demonstrated by a changing of 

the NPs’ solubility properties: indeed the obtained NPs 94 became partially soluble in chloroform 

and were no more thoroughly soluble in methanol.  
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O OH

4
3

S

EtOH

28°C, 72 h
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8 94

 Scheme 4.4 Synthesis of MPC-C11-EG4/C12 94. 

Considering that  MPC-C11-EG4 8 has demonstrated to be robust, water-soluble and 

capable of further functionalization via ligand exchange reactions, we decided to introduce T-

Glyco short-chain 88  in the monolayer of MPC-C11-EG4 7 and 8  using a 2/1 HS-C11-EG4/T-

Glyco short-chain molar ratio in a mixture of methanol  and ethanol as the solvent. A temperature 

of 35 °C was chosen, in order to promote the complete solubilization of the functional ligand 

(Scheme 4.5). 
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Scheme 4.5 Synthesis of MPC-C11-EG4/Glyco short-chain 95 and 96 starting from NPs 8 and 7, respectively.

The reaction was kept under these conditions for 72 hours, after that NPs 95 and 96 were 

purified by repeated washing cycles with  diethyl ether and fully characterized by 1H-NMR 

spectroscopy, TEM and TG analysis. The 1H-NMR spectra of NPs 95  and 96 are reported (Figures 

4.4 and 4.5). In the NPs’ spectra it is possible to identify the signals pertaining to both thiols with 

the typical broadening of the peaks, indicating that both ligands are present in the monolayer.

Figure 4.4 a) 1H-NMR (CD3OD, 500 MHz) of HS-C11-EG4 6, b) 1H-NMR (CD3OD, 270 MHz) of MPC-

C11-EG4/Glyco short-chain 95 and c) 1H-NMR (CD3OD, 400 MHz) of T-Glyco short-chain 88. 
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Figure 4.5 a) 1H-NMR (CD3OD, 500 MHz) of HS-C11EG4 6; b) 1H-NMR (CD3OD, 400 MHz) of MPC-

C11EG4/Glyco short-chain 96 and c) of T-Glyco short-chain 88.

The HR-TEM analysis allowed the determination of the average size of the AuNPs. NPs 

95  have an average diameter of the gold core of 2.1  nm ±  0.7 nm, while NPs 97  show an average 

diameter of the gold core of 5.7 nm ±  1.2 nm. Representative TEM images of the two samples and 

the size-distribution histograms are reported in Figure 4.6. 
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Figure 4.6 a) HR-TEM image and b) size histogram of NPs 95; c) HR-TEM image and d) size histogram of 

NPs 96. 

The TGA of the two samples revealed a 39.97% of organic material with respect to the 

total weight of the NP in the case of NPs 95, and 27.09% for NPs 96 (Figure 4.7). 
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Figure 4.7 TGA of a) NPs 95 and b) NPs 96.   
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The combination of TEM analysis and TGA allowed to calculate the average composition 

of the NPs. The ratio between the two thiolates in the monolayer has been determined from the 

integrals in the 1H-NMR spectra. The calculated average composition of MPC-C11-EG4/Glyco 

95  is Au314(S-C11-EG4)60(Glyco)30 and the average composition of MPC-C11-EG4/Glyco 96  is 

Au6266(S-C11-EG4)601(Glyco)300. 

The determination of the average composition of the bigger nanoparticles may have a 

large error, due to the dispersion of the sample, and this brought us to  explore other 

methodologies to prepare NPs in the same size-range having a sharper size-distribution. In 

particular, we focused our attention on the size-evolution of small NPs by heat-treatment, because 

of the ease of preparation and the interesting results reported in the literature using this 

methodology, as reported in Section 1.2.[5, 6] 

4.2.3.3 Size-Evolution of Water-Soluble Gold Nanoparticles by Heat-Treatment 

We decided to apply the procedure reported by Miyake and co-workers for the growth of 

NPs covered by alkylthiols, in which the uniform growth of NPs has been induced through the 

heating of the material  up to 150-250 °C.[5, 6] Such treatment  was conducted in the presence of 

molten tetraoctylammonium bromide that was added as solvent. Thus, water-soluble MPC-C11-

EG4 97 with a gold core of about 3 nm were used as the source material to study the heat-

treatment process. Briefly, NPs 97 were accurately dried in the presence of excess 

tetraoctylammonium bromide, heated from room temperature to 165 °C with a heating rate of 2 

°C min-1, and kept for 30 minutes at the maximum temperature (Scheme 4.6). 
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Scheme 4.6 Size evolution of NPs 97 to achieve NPs 98 via heat-treatment in the solid state.

A color change of the material  from deep brown to golden-purple was observed (Figures 

4.8a and b), suggesting a substantial  growth of the particles, as confirmed by comparison of the 

UV-vis measurements (Figures 4.8c and d) and HR-TEM analysis (Figure 4.9) performed both 

Chapter 4

96



before and after the thermic cycle on the sample. The UV-vis spectra of 97 and 98 are very 

different, since the presence of an evident SPB at around 520 nm is clearly visible in the spectrum 

of NPs 98, thus supporting a significant size change of the NPs. 
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Figure 4.8 Picture of round-bottom flasks cointaining a) NPs 97 and b) NPs 98 (heat-treated) and UV-vis 

spectra (MeOH) of c) NPs 97 and d) NPs 98. 

The HR-TEM images revealed the effective growth of NPs from about 3 nm of 97 to 

about 7 nm, measured for 98. The heat-treated nanoparticles showed a small size dispersion and 

represent the first example of heat treated AuNPs protected by a monolayer of amphiphylic 

thiolates. However, the purification of such nanoparticles from byproducts -deriving from the heat 

degradation of tetraoctylammonium bromide in the presence of Au- resulted very  difficult  and no 

pure material was obtained, as revealed by the 1H-NMR spectrum. This problem didn’t occur in 

the case of alkylthiol-protected  nanoparticles, as we  realized by comparison with a heat-treated 

sample of MPC-C12, that  we have prepared following the procedure of Brust and described 

below.[7]
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Figure 4.9 a) HR-TEM image of MPC-C11-EG4 97 and b) corresponding size histogram; c) HR-TEM image 

of MPC-C11-EG4 98 and d) corresponding size histogram as obtained after heat treatment. 

 

4.2.4 Synthesis of MMPC-C12-/Glyco Short-Chain via Ligand-Exchange Reaction

In order to explore an alternative route to easily obtain Glyco-NPs of different size and  

small dispersion we reasoned that we could use NPs protected by an alkylthiol  as a scaffold to 

obtain water-soluble Glyco-NPs after the introduction of the functional  thiol in the monolayer by 

exchange reaction. Moreover, this type of NPs may avoid formation of hydrogen-bondings 

between the Glyco fragment and the monolayer when we dry the samples. With this in mind, 

nanoparticles coated by dodecanethiol  have been synthesized and used for subsequent 

functionalization with T-Glyco 88.  
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4.2.4.1 Synthesis of MPC-C12

AuNPs 99 with a gold core of about 2  nm diameter protected by 1-dodecanethiol  were 

prepared using the two-phase (water/toluene) procedure reported  by Brust and Schiffrin (Scheme 

4.7).[7] Briefly, tetrachloroaurate ion is transferred from acqueous solution to toluene using 

tetroctylammonium bromide as the phase-transfer agent; subsequent addition of 1-dodecanethiol 

induces the reduction of Au(III) to Au(I), that  is then reduced with acqueous sodium borohydride 

to  Au(0) with  cluster formation. We used a 1/3 Au/thiol  molar ratio. The nanoparticles were 

obtained in good yield and purified through repeated washing cycles with ethanol and acetone to 

remove excess thiol, TOAB, and borates. 

H+AuCl4
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NaBH4
S

n

Au
Au

S

R m
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toluene water
H+Br-

TOA+AuCl4
-

TOA+Br-

water toluene

Scheme 4.7 Synthesis of MPC-C12 99. 

MPC-C12 99  were characterized by UV-vis and 1H-NMR spectroscopies. From the UV-

vis measurements it is possible to appreciate the absence of the Surface Plasmon Band (SPB), 

suggesting that the diameter of the metallic core is smaller than 3 nm (Figure 4.9).
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Figure 4.10 UV-vis spectrum (DCM, c = 0.1 mg/mL) of MPC-C12 99.

1H-NMR spectra of 1-dodecanethiol and of MPC-C12 are reported in Figure 4.11. The 

NPs’ spectrum shows the signals pertaining to the ligand with the typical broadening of the peaks, 

indicating that the thiolate is bound to gold, and no free thiol o disulfide is present.   
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Figure 4.11 1H-NMR (500 MHz, CDCl3) spectrum of a) 1-dodecanethiol and b) 1H-NMR (400 MHz, CDCl3) 

spectrum of MPC-C12 99. 

4.2.4.2 Functionalization of MPC-C12 with T-Glyco Short-Chain via Ligand-

Exchange Reaction 

The functionalization of MPC-C12 was carried  out via  ligand-exchange reaction. The new 

AuNPs 100  were synthesized using a 1/1 mixture of methanol and dichloromethane to solubilize 

both  MPC-C12 99 and  T-Glyco 88. We used a 3/1 dodecanethiol/T-Glyco molar ratio and we 

decided to use the short-chain functional thiol. Unfortunately, the nanoparticles obtained were 

insoluble in water, poorly soluble in alcohols and mixtures of methanol and dichloromethane; 

they are soluble in diethyl ether and pentane only. For this reason NPs 100 are not suitable for our 

applications and for this reason we didn’t complete their characterization. 
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Scheme 4.8 Synthesis of MMPC-C12/Glyco short-chain 100. 

Chapter 4

100

a)

b)

99



4.2.5 Functionalization of “Small” MPC-C11-EG4 with T-Glyco Long-Chain via 

Ligand-Exchange Reaction

Nanoparticles with an average core diameter of 2.5 nm covered by a mixed monolayer of 

C11-EG4/Glyco long-chain were synthesized through ligand-exchange reaction using 2.5 nm 

MPC-C11-EG4 in a 10/1 methanol/chloroform mixture, in order to solubilize thiol  89 that, as 

expected, is not completely soluble in methanol or in  a mixture of methanol and ethanol. We used 

a ratio between exiting and entering thiol of 3/1 (Scheme 4.9). 
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Scheme 4.9 Synthesis of MMPC-C11-EG4/Glyco long-chain 101.  

The nanoparticles were purified by repeated washing cycles with diethyl ether and by gel 

permeation chromatography on SephadexTM G-75, and fully characterized by 1H-NMR and UV-

vis spectra, and TG analysis. 
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Figure 4.12 a) 1H-NMR (500 MHz, CD3OD) of HS-C11-EG4 6; b) 1H-NMR (500 MHz, CD3OD:CDCl3 = 

10:1) of MPC-C11EG4/Glyco 101 and c) of T-Glyco long-chain 89. 
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Figure 4.13 UV-vis spectrum (MeOH, c = 0.1 mg/mL) of MPC-C11EG4/Glyco 101.
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Figure 4.14 TGA of AuNPs 101.  

The results of the characterization allowed to calculate the average composition of NPs 101, that 

is Au790(S-C11-EG4)90(Glyco)30.

4.2.6 Functionalization of Gold Colloids 

Colloidal AuNPs stabilized by citrate ions were synthesized according to the methodology 

developed by Frens and modified by Natan.[8, 9] Briefly, to a boiling acqueous solution  of 

tetrachloroauric acid (1 ! 10-3 M), 3.88 eq. of acqueous sodium citrate (38.8 ! 10-3 M) were 

added. The solution was refluxed until a color change from dark blue to burgundy red was 

observed, indicating the formation of the particles (Figure 4.15a). An average core diameter of 

about 13 nm is expected using these reaction conditions. The colloids were analyzed by TEM and 

UV-vis measurements. The size of the colloids was determined by TEM analysis on passivated 

colloids obtained using this stock solution as starting material, that revealed  an average diameter 

of the gold core of 13.5 nm. The analysis of surface plasmon resonance absorption band provided 

valuable information on the structure and aggregation properties of colloids. In particular, UV-vis 

spectra at six  different concentrations were recorded by directly diluting the stock solution to 

achieve solutions with relative concentrations of 1.0, 0.8, 0.6, 0.4, 0.2, 0.1 using mQ water as 

solvent (Figure 4.15b) in order to determine the extinction coefficient (!), that is necessary to 

calculate the NPs concentration. Altough this may appear to be a trivial issue, the accurate 

calculation or estimation of the molar concentration of NPs is actually a challenge, because NPs 

are not monodispersed. The concentration of the sample was determined  following the 

calculations recently reported by Huo and co-workers.[10] The average number of gold atoms (N) 
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per nanoparticle may be calculated assuming a spherical shape and a uniform fcc structure, on the 

basis of the average core diameter obtained from TEM analysis and according to Eq. (1), where ! 

is the density for fcc gold (19.3 g/cm3), and M stands for atomic weight of gold (197 g/mol). 

N = "!D3/6M = 30.89602 D3          (1)

The molar concentration of the colloid solutions was calculated by dividing the total 

number of gold atoms (NTotal, correspondent to the initial amount  of gold salt used in the syntesis) 

over the average number of gold atoms per nanoparticle, Eq. (2). V is the volume of the reaction 

solution  in  liters and NA is the Avogadro’s constant. A 100% reduction from Au(III) to Au(0) is 

assumed. Concentrations of diluted solutions can be calculated from the initial concentration of 

the stock solution according to their relative concentration. The calculated colloid concentration 

of the stock solution is 0.1196 ! 10-7 M.  

C = NTotal/NVNA          (2)  

The extinction coefficient of the colloids was determined according to Lambert-Beer law, 

Eq. (3), by UV-vis spectroscopic measurements, considering the absorption of the SPB at 520 nm 

of the six  colloid solutions at different  concentrations. A extinction coefficient of 21.87 ! 10-7 

cm-1 M-1 (concordant with  literature data) was obtained from the slope of the linear region of the 

absorbance/concentration curve and the corresponding calibration line was plotted (Figure 4.15c). 

A = #Cb          (3)

Figure 4.15 a) Picture of the prepared 13.5 nm citrate-stabilized Au colloids stock solution and b) UV-vis 

spectra of colloid solution at different concentrations; c) calibration line to determine the colloids #. 
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In order to achieve further stabilization against  aggregation, the gold colloids were diluted 

to  0.0328 ! 10-7 M with  mQ water and stabilized with dipotassium bis(p-

sulphonatophenyl)phenylphosphine dihydrate 102 (Figure 4.16), according to the proceedings 

reported in the literature.[11-14]  The use of a large excess of ligand to protect the colloid surface, 

makes the colloids more stable, and after this treatment  they are subjected to repeated cycles of 

NaCl precipitation, in order to purify them from unbound molecules. The sensitivity of gold 

colloids to salt concentration is size dependent: in the case of as-stabilized colloids, precipitation 

occurs at NaCl concentrations above 0.15 M. The phosphine-stabilized NPs were stable in 

acqueous solution at room temperature over a period of months also at high concentrations and 

could be manipulated in the solid state without problems of aggregation. 

P

SO3K

SO3K

102

Figure 4.16 Structure of dipotassium bis(p-sulphonatophenyl)phenylphosphine dihydrate 102. 

The subsequent goal  is to get colloids protected by a mixed monolayer containing both 

amphiphilic thiol  6  and the functional thiol bearing the antigen moiety. To set up the reaction 

conditions, the optimization of the protection method through exchange of phosphine ligands with 

thiols was carried out  using only the commercial thiol 6. The phosphine-stabilized colloids were 

incubated with HS-C11-EG4 6 to achieve homoligand colloids protected by the thiol. Different 

screenings have been performed in order to find the best  reaction  conditions, by varying the 

amount of ligand, the incubation time and the solvent. Briefly, to solutions of phosphine-stabilized 

gold  colloids, different amounts of acqueous solution of thiol 6 were added, in  order to reach the 

minimum amount of ligand required for a complete protection of the colloids. After overnight 

incubation at room temperature, the mixtures were treated with NaCl  2 M and UV-vis 

measurements were performed to test the stability of the clusters by analysis of SPB at increasing 

concentrations of NaCl up to 0.1 M. The recorded spectra showed a big difference between the 

stability of the colloids in  presence of the thiol and of citrate-colloids, indicating the existence of a 

protecting monolayer in presence of the amphiphilic ligand (Figure 4.17).[15] 
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Figure 4.17 UV-vis spetra of colloids stabilizided by citrate (black) and colloids stabilized by HS-C11EG4 
(orange) at 0.1 M NaCl.

Other experiments were carried out  performing repeated incubations of the colloids with 

the ligand or with incubations in presence of a larger excess of ligand, but no differences in the 

stability of the final product were noticed. In order to avoid the possible formation of micelles of 

the amphiphilic thiol, that may partially prevent the protection  of the gold surface, also incubation 

experiments in the presence of different amounts of polar agents, such as dimethylsulfoxide or 

common alcohols, were carried out. Indeed, the formation  of micelles may be avoided  using a 

little amount of DMSO or hydro-alcoholic media to have amphiphilic molecules free for the 

incubation.[16] For example, we performed tests using 30% of the total volume of MeOH or i-

PrOH, and the colloids obtained showed a lower tendency to aggregate than in the first 

experiments, in which the particles were no-long stable after the workup at high  Au concentration, 

after purification from excess ligand. Purification of the colloids from excess thiol  and phosphine 

could be performed through repeated cycles of centrifugation and resuspension in water, and such 

colloids could also be liophylized without significative aggregation and stored at 4 °C in the solid 

state. The last protocol described, in which i-PrOH was added to prevent micelles formation, has 

been followed to prepare coated gold colloids using a 1/1 blend of thiol  6  and T-Glyco long-chain 

89, the only difference being in the use of a 10/1 mixture of methanol/chloroform to solubilize the 

functional thiol, as mentioned in Section 4.1. The stability  of phosphine-stabilized colloids in such 

reaction mixture have been previously tested. During  the incubation a loss of solubility of the 

colloids was observed, with the formation of a pink suspension that can be partially solubilized  by 

stirring or heating (Figure 4.18a). After the incubation, the colloids were purified by washing 

cycles with water followed by centrifugation  and removal of the supernatant solution. The NPs 

were characterized by UV-vis spectroscopy and TEM analysis. The UV-vis spectrum of the 

colloids protected by the mixture of thiols is different from the one of the citrate-stabilized 

colloids: the decrease in intensity of the surface plasmon band may be due to a decrease in 

particle concentration during the workup of the modified particles and the loss of solubility of the 
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product. A modest  shift (11 nm) of the SPB to higher wavelenghts was observed, likely  due to the 

changes on surface. However, centrifugation of the thiol-modified NPs may affect the particle size 

distribution, which also could affect the position of the plasmon band, as reported in the literature 

(Figure 4.18b).[17, 18]
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Figure 4.18 a) Picture of the solution of Au colloids protected by a C11-EG4/Glyco long-chain 1/1 mixed 

monolayer and b) corresponding UV-vis spectrum (green), compared with that of the starting citrate-colloids 

(red). 

The HR-TEM analysis allowed the determination of the average size of the protected 

colloids, which have an average diameter of the gold  core of 13.5 nm, with a standard deviation 

of 1.4 nm. A TEM image and the size-distribution histogram are reported in Figure 4.19. 

x
m
 = 13.5  

! = 1.4 nm  

n = 549 

Figure 4.19 a) HR-TEM image and b) size histogram of 13 nm Au colloids-C11-EG4/Glyco long chain.

The number of antigen-mimetic thiols attached per particle has been evaluated from the 

estimation of the surface area of the gold NPs, considering a saturated surface coverage and the 

molar ratio of the ligands used in the synthesis; this number is 516.[19] The shape of the NPs has 
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been approximated to a sphere in this calculation. Considering the molar concentration of the 

colloids in solution, obtained from the reported calibration line (Figure 4.15c), the total  amount of 

functional thiol 89 in a defined volume of sample can be defined. 

4.3 Immunoaffinity Essays and Toxicity Tests

4.3.1 Competitive ELISA Test

Optimization of the experimental conditions to perform a competitive ELISA test  was 

required, in order to compare two different formulations of the antigen mimetic of GM3 Lactone: 

the free antigen in  solution and the one bound to AuNPs. The development of a suitable 

competitive ELISA protocol for the preliminary evaluation of the immunoaffinity of these 

compounds have been carried out for antibody IV1:4C5C4 anti  GM3. This antibody is produced 

by  hybridomas non yet cloned, realized with the bioconjugate of the antigen mimetic and KLH, 

following the classical proceedings reported by Milstein and  Kohler. Moreover, in vivo studies 

will have to be performed to evaluate the different immunogenicity of the two formulations.

In this kind  of essays, two curves are built: one with the standard and one with the sample. 

Compound 95 was used in this first study. Briefly, the native antigen was bound to a 96-well-

plate, both in the wells of the standard curve and of the sample, in triplicate. Then, serial diluted 

solutions of the native antigen or of sample 95 were prepared and added to  each well, together 

with  the corresponding antibody, in order to generate competition in the antigen-antibody bonding 

between the antigen bound to the plate and the one free in solution or conjugated to the AuNPs. 

As far as the standard curve is concerned, in  the presence of high concentrations of free 

antigen the antibody binds preferably the free antigen, while at low concentrations it binds both 

free antigen and the one bound to the plate, proportionally. When all the unbound antigen is 

eliminated, the amount of antibody bound to the antigen on the plate is inversely proportional to 

the amount of free antigen added (Figure 4.20a). The amount of bound antibody is detected by 

using a secondary antibody that is conjugated to a peroxidase, and the corresponding 

chromogenic substrate of the enzyme. A color change (from blue to yellow) is visible in the 

presence of a small  amount of free antigen  when the reaction  is quenched; in this case, an intense 

signal at  450 nm is detected, while a weaker signal is visible where the free antigen bounds the 

larger part of the antibody (Figure 4.20b). As far as the sample curve is concerned, the same 

proceeding is applied, but in this case bioconjugate AuNPs 95 are used as the competitor.  
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By comparing the two curves and properly analyzing the data, it  would be possible to 

understand if the affinity of the antibody for the sample is greater, equal or minor than that  for the 

free antigen.

Figure 4.20 Example for the construction of the standard curve.

The first step has been the comparison of different buffers and different concentrations of 

the hybridomas supernatant through an indirect ELISA, in order to  establish the best conditions 

for the following competition ELISA test. Then, an ELISA test was performed in order to draw 

the standard curve, using the same antigen both for the coating of the plate and for the 

competition and different supernatant concentrations. The first experiments resulted unsuitable for 

the antigen and the antibody, altough experiments with  different incubation times and 

temperatures were performed. 

The indirect ELISA test, used for the screening of the hybridomas, was modified by 

adding the competition phase. To this aim, the previous protocol needed to  be modified, adjusting 

the concentrations of the antibody and antigen, and also incubation time and temperature. This 

phase resulted to be very complicated, because the antibody used is not monoclonal, and then its 

composition in the supernatant may change during the experiments. Since a lot of antibody 

aliquots have been used for these experiments, each trial required the optimization of the 

incubation time and of the antibody concentration. Even if a good standard curve has been 

obtained with this methodology, in order to avoid a regular consumption of antigen, antibody and 

reagents, an easier method has to be developed to achieve the same information about 

immunoaffinity of the sample. 
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4.3.2 Displacement ELISA Test

Simplification  of the previous methodology is possible by working under “displacement” 

and not “competition”  conditions. Thus, time-dependence was overcome through the binding of 

all the antigen  bound to  the plate to the antibody, added in a large excess. Then, displacement  of 

the antibody was induced by adding growing amounts of the second antigen (the free antigen in 

the case of the standard curve, the bioconjugate AuNPs in  the case of the sample). The results of 

these simplified protocol agree with those of previous experiments, with the advantage of 

significantly reducing experimental times. 

In the final protocol, through which consistent data were achieved, the native antigen is 

diluted in absolute ethanol and distributed in a 96-wells plate. The solvent was evaporated  and 

BSA (bovine sieric albumin) in  PBS (phosphate buffer saline) was then added, in order to avoid 

aspecific binding of the antibody to the plate. The supernatant of the hybridomas, properly diluted 

in  PBS, was then  added, in order to saturate the binding between antigen and antibody. Scalar 

antigen concentrations were then added (the free antigen in the case of the standard curve, 

bioconjugate AuNPs in  the case of the sample) for a time sufficient to displace the antibody. At 

the equilibrium the antibody is bound proportionally  to free antigen and to the antigen on the 

plate. The  binding of the antibody was detected with  a peroxydized antibody, which generates a 

colorimetric reaction in  the presence of the substrate. A rapid  color change from blue to yellow is 

visible when the reaction is quenched with hydrochloric acid, and the absorbance value at 450 nm 

is measured. After each step it is necessary to wash excess reagents with PBS and Tween (0.05%).   

The percentage of antibody bound to the plate (binding %), and then the percentage of 

displaced antibody (inhibition %) are obtained from the absorbance data through the following 

calculations (4) and (5): 

(binding %) = Abs(sample)-Abs(white)!100/Abs(higher standard)-Abs(white)          (4) 

(inhibition %) = 100-(binding %)          (5)

The percent ratio of the binding between antibody and antigen on the plate, obtained from 

the reported calculations on the data related to four trials, are reported in Table 4.1. The value of 

100%  corresponds to the maximum binding of the antibody in absence of the displacer.  
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                            Table 4.1 

Binding % Moles of antigen 
used for the 

displacement 
(10-9)1st trial 2nd trial 3rd trial 4th trial

Standard 

100 100 100 100 0

54,09973 84,96025 93,72935 99,59906 0,000346

50,44618 83,591 83,48661 94,6876 0,00346

48,87138 79,57156 59,58075 96,39158 0,0346

38,75064 77,36308 54,94669 91,68058 0,346

34,3202 69,25796 47,00259 81,55695 3,46

34,22571 59,69525 35,08644 68,12561 6,92

AuNPs 95

100 100 100 100 0

47,23358 81,8463 85,80364 83,02705 0,000346

42,22571 80,98499 58,20157 78,95087 0,00346

51,26508 77,20849 57,44761 77,04643 0,0346

36,52492 76,34718 54,28468 78,149 0,346

32,61941 68,39666 53,01583 75,34245 3,46

28,30445 56,33836 36,35529 43,96922 6,92

Table 4.2 reports the average data of the four experiments for both the standard and the 

sample curves. A slight stronger affinity of the bioconjugate to the antibody than that observed 

using the monomeric antigen is observed. 

                                        Table 4.2

Average values

Binding % Displacement %
Moles of antigen 

(10-9)
log10

Standard 

100 0,00 0 0

83,0971 16,90 0,000346 -3,46092

78,05285 21,95 0,00346 -2,46092

71,10382 28,90 0,0346 -1,46092

65,68525 34,31 0,346 -0,46092

58,03443 41,97 3,46 0,539076

49,28325 50,72 6,92 0,840106

AuNPs 95

100 0,00 0 0

74,47764 25,52 0,000346 -3,46092

65,09078 34,91 0,00346 -2,46092

65,7419 34,26 0,0346 -1,46092

61,32645 38,67 0,346 -0,46092

57,34359 42,66 3,46 0,539076

41,24183 58,76 6,92 0,840106

The difference between the displacement percent of the antigen bound to AuNPs in 

comparison to the free antigen, and the average values, are reported in Table 4.3. A slight stronger 

immunoaffinity of the antigen conjugated to the NPs is confirmed. 
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                       Table 4.3

Standard displacement % AuNPs 95 displacement %
Displacement % 

(AuNPs-Standard)

16,90 25,52 8,62

21,95 34,91 12,96

28,90 34,26 5,36

34,31 38,67 4,36

41,97 42,66 0,69

50,72 58,76 8,04

Average value 6,67

Further experiments with other samples of functional AuNPs are necessary to make 

general conclusions and biological studies will be extended also to in vivo  tests on melanoma 

cells, in order to  understand if an effective stronger immunoaffinity of the antigen bound to the 

NPs with respect to the one free in solution corresponds to the values reported until now. The 

evaluation of the samples reported in this thesis is now under active investigation by the research 

group of Prof. Nativi. 

4.3.3 Toxicity Tests

In order to evaluate the biocompatibility of our systems, sample 95 has been used also to 

perform toxicity tests. Briefly, cells of human primary melanoma A375 and cells of human 

methastatic melanoma HS294T were incubated for 24 hours in the presence of AuNPs 95 at  two 

different concentrations (5 and 10 !M). After incubation, the cells were treated with crystal violet, 

a vital indicator that penetrates only living cells and has an absorbance peak at  595 nm which 

allows to verify the amount of living cells by measuring  the absorbance of the dye penetrated in 

the cells. A 100% cellular viability was recovered at both the concentrations of NPs used. 
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General Conclusions 

The research work carried out for this thesis has been focused on AuNPs protected by a 

self-assembled monolayer of thiolates (MPCs) and deals with basic studies on the organization of 

mixed-monolayers wrapped around the gold core and their application in biology. The aim is a 

deeper understanding of basic aspects of MPCs as the geometry of the gold core and the 

organization of SAMs with the final goal to learn the rules to tailor the monolayer with a desired 

morphology.  

The first project deals with the synthesis of AuNPs suited for crystallization to determine 

their structure by X-ray diffraction experiments. To this aim, NPs of about  1.6 nm that can be 

assigned to a gold core composed of 140 atoms -clusters of this size have been studied 

computationally and a theoretically truncated octahedron geometry has been proposed- protected 

by  a monolayer of p-mercaptobenzoic acid ligands were synthesized. Altough the prepared NPs 

were highly homogeneous in size, thus satisfying one of the most important requirements for the 

growth of single crystals, the experimental  conditions to obtain suitable crystals coul  not be 

found. Indeed, only polimorphous crystals or microcrystalline precipitates were achieved by both 

hanging-drop and sitting drop crystallization methods, over a wide range of conditions. A new 

method is required to reduce the rate of evaporation of the reservoir solution, in  order to favour 

the growth of large single crystals, and also a compromise between the time required for the 

crystal growth and the stability of AuNPs in solution has to be reached. 

The second project  is a study of the morphological organization of ligands in the 

protecting mixed-monolayer of AuNPs, aimed to complete previous studies by our research 

group. In particular, the formation of “patches”  triggered by the immiscibility  of the thiolates 

forming the monolayer was the main goal of this project. ESR spectroscopy was used as the most 

powerful tool to  discriminate between mixtures of homoligand nanoparticles and mixed-

monolayer protected clusters covered by the same immiscible ligands. In order to assess the phase 

segregation properties of the alkyl- and perfluoroalkyl amphiphiles, we have used amphipilic 
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ligands with different hydrophobicity, and NPs coated  by these ligands were prepared.  In order to 

achieve information about the topology of ligands in systems different from MMPCs, new ligands 

suitable for ESR investigations on micellar aggregates and for STM and AFM measurements on 

flat surfaces were designed and synthesized. This part of the project is ongoing and no general 

conclusion can be drawn at present, due to the difficulties encountered  in obtaining micelles, that 

could be overcome through the use of commercial surfactants in the preparation of such 

aggregates, and to the modification of perfluorinated thiols during STM experiments. This last 

point in  particular could likely open the way to the application of new feaures encountered in 

fluorinated SAMs on gold, that  is energy-induced modification. Even though in this case such 

modification occurred unintentionally during characterization, it  could represent a technologically 

relevant property with applications in materials science. Moreover, water-soluble MPCs 

composed of perfluorinated thiolates having a gold core of 5 nm, bigger than those previously 

reported by our research group, were prepared and characterized. Their use will be tested in 

biological applications as carriers of biomolecules, in 19F magnetic resonance experiments and 

imaging studies. 

The third project, aimed to functionalize water-soluble AuNPs with a mimetic of the 

antigen GM3 Lactone for drug-delivery purposes, has brought to the preparation of MMPCs of 

different sizes and with different loadings of the Glyco-moiety, following various synthetic 

strategies. Complete characterization of the nanoparticles supposed to be suited for multivalent 

recognition was carried out, in order to quantify the amount of active residues per particle and to 

perform consistent binding experiments. Preliminary results obtained through ELISA tests on one 

of the samples prepared showed a slight stronger affinity of the bioconjugates to the antibody than 

that observed using the monomeric antigen. Further experiments with other samples of functional 

AuNPs will be performed to  make general conclusions. Biological studies will be extended also  to 

in  vivo  tests, to understand the behaviour of the functional nanoparticles under physiological 

conditions. Together with their therapeutic potential, also  the biocompatibility of our systems has 

been taken into  consideration. The results of the toxicity tests carried out on different  human 

melanoma cell lines are strongly encouraging, indeed the nanoparticles used in the experiments 

were well tolerated by cells.  The final  goal  is the realization of clusters of Glyco-moieties on the 

NPs surface triggered by the phase-segregation tendency of mixtures of perfluoroalkyl and alkyl 

functional thiols. 
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Experimental Part 

6.1 Materials and general Methods

General. All commercially available reagents were purchased from Aldrich, Fluka and 

Strem Chemicals and used as received. Solvents were purchased from Aldrich, Fluka and Riedel, 

and deuterated solvents from Cambridge Isotope Laboratories. Chlorinated solvents (CH2Cl2, 

CHCl3, CDCl3,) were treated with K2CO3 for at least 24 h before to be used for gold 

nanoparticles. All  solvents were of synthetic grade and were used as received. The thin layer 

chromatography (TLC) used are Merck silica gel alluminium plates. Column chromatography 

were carried out with Merck silica gel 60 (230÷400 Mesh). Gel permeation chromatography were 

carried out using SephadexTM LH-20 or G-75 (Amersham Biosciences). All glasswares used for 

preparation of gold nanoparticles were thoroughly washed with acqua regia (3  parts HCl, 1 part 

HNO3), rinsed extensively with distilled water,  and then oven dried. 

Nuclear Magnetic Resonance (NMR) NMR spectra were recorded on Varian 500 MHz 

spectrometer (operating at 500 for proton and 125 MHz for carbon), Jeol GX-400 MHz 

spectrometer (operating at 400 MHz for proton and at 100 for carbon), Jeol GX-270 MHz 

spectrometer (operating at 270 MHz for proton and at 67.8 MHz for carbon) at 298 K using 

CDCl3, CD3OD, D2O. Chemical shifts are reported in ppm using the solvent  residual  signal as an 

internal reference (CDCl3: !H = 7.26 ppm, !C = 77.16 ppm; CD3OD: !H =  3.31 ppm, !C =  49.00 

ppm; D2O: !H =  7.26 ppm). Coupling constants (J) are given in Hz. The resonance multiplicity is 

described as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad signal). 

Mass spectroscopy measurements  (MS) Electrospray Ionization (ESI) measurements 

were performed on a Perkin Elmer APII at 5600 eV by Dr. Fabio Hollan.

Infrared spectra (IR) were recorded on a Thermo Nicolet Avatar  320 FT-IR using NaCl 

caplets.

Melting Points (m.p.) were measured on a Büchi SMP-20.
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UV-visible Spectroscopy (UV-vis) All spectra were recorded  on a UV-VIS Unicam 

He!ios ! and a Shimadzu UV-1800 spectrophotometers. 

Thermogravimetric Analysis  (TGA) The analyses were performed on a TGA Q500 TA 

instruments using a heating rate of 10 °C/min up to 1000 °C. 

Transmission Electron Microscopy (TEM) The analyses were carried out with a Jeol 

3010  high resolution electron microscope (1.7  nm point-to point) operating at 300 keV using a 

Gatan slow-scan  CCD camera (mod. 794). TEM samples of gold nanoparticles were prepared by 

placing a single drop of 0.5 mg/mL isopropanol or water dispersion onto a 200-mesh copper grid 

coated with  an amorphous carbon film. The grid was then dried in air for 24 h. Depending on the 

Au core size, magnifications between 250000 and 600000 were used for counting purposes. 

Diameters were measured manually using Gatan software Digital Micrograph (ver. 3.4.1).   

Crystallization experiments The outcome of a crystallographic experiment is mainly 

defined by the quality of the crystal used for the diffraction analysis. Therefore, growing large and 

ordered crystals is the most important  goal of crystallization experiments. An accurate choice of 

crystallization conditions such as concentration and homogeneity  of the sample, concentration 

and nature of precipitants and additives (to control  ionic strength and pH) and temperature is 

required in order to obtain crystals with dimensions suitable for a successful crystallographic 

experiment.

The starting of a crystallization process occurs when the solution holds a concentration of 

the sample greater than the saturated solution, that is when the solution is in a metastable 

supersaturated state. A diagram of the concentration of the sample vs. the concentration of the 

precipitant can be plotted for hypothetical molecular systems (Figure 6.1). The points of the 

solubility  curve represent saturated states. Starting from an unsaturated solution and increasing 

the concentration of the precipitant or the sample, the supersaturation region is reached. The first 

supersaturation region, between the solubility curve (solid line) and the precipitation curve (dotted 

line), is defined as the metastable region, where the sample crystallizes only in the presence of a 

crystallization nucleus, that can be either a small  preformed crystal  or a defect  of the 

homogeneous solution (a particle of dust, small scratches of the holder, etc.). These supersaturated 

states tend to change in order to reach stable states, according to the thermodynamic of the 

system, but  this process has a dramatically slow kinetics. For practical aims, the nucleation can be 

considered a possible phenomenon only in the labile region. Thus, a crystallization experiment 

can be divided  into two stages: 1) nucleation; 2) crystal growth. The experiments should be set in 

order to  obtain a slow rate of nucleation, and a subsequent faster rate of growth. When the 

nucleation rate is too fast with respect to the growth rate, a lot  of small  crystals appear in the 

Chapter 6

118



crystallization batch, and this doesn’t allow good results in  the diffraction experiments. For an 

optimal crystallization experiment through increasing the concentration of a precipitant in the 

sample solution, a condition close to the precipitation curve should be reached. Therefore, when 

crystallization starts with the formation  of the first few nuclei, decreasing the sample 

concentration, the system will  reach the metastable region, in  which nucleation process is 

negligible, but growing of the crystals happens. 

Figure 6.1 Qualitative phase diagram for a molecular system. The solid line represents saturated systems and 

it is thermodynamically defined; the dotted line is not thermodynamically defined, but divides supersaturated 

metastable states, in which crystallization does not occur unless crystallization nuclei are already present, 

from labile states, in which nucleation has a considerable speed as well as crystal growth. 

 

Another determining factor which could affect the success of a crystallization experiment 

is the purity of the sample. In particular, if contaminants are present in the crystallization batch 

the rate of growth  of the crystals may be altered, because impurities could interfere with the 

correct disposition of the molecules in  forming a regular 3D array, or could even influence the 

sample solubility. Unfortunately, the solubility behaviour of a sample could not be determined 

theoretically and, therefore, it  has to be found experimentally. Diverse techniques are applied for 

the crystallization of biological macromolecules as well as supramolecular systems; in particular, 

the diffusion of a precipitant solution, either in the liquid or in the vapour phase, allows the 

unsaturated solution to reach a supersaturated state, starting the crystallization process.  

Vapour  diffusion method In vapour diffusion crystallization experiments, the sample 

solution  is set against a precipitant solution and the two phases, together with the gas phase 

between them, are isolated from the external environment. The system is kept while reaching the 

equilibrium, that can occur through evaporation of the precipitant solution and subsequent 

diffusion of its vapour in the crystallization solution, or by evaporation of the solvent from the 

crystallization solution, thus increasing the concentration of the sample. Among the most common 
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vapour diffusion methods, the hanging drop and the sitting drop methods are mainly used due to 

their easy set up and the opportunity of a large number of trials.  

The hanging drop method consists in  the deposition of a crystallization drop (1  µL – 10 

µL) on a small coverslip. The coverslip is then turned over a well, containing the precipitant 

solution, and the system is closed by sealing  with grease the coverslip over the rim of the well 

(Figure 6.2a). The well container is an ordered matrix in which two conditions can be modified 

progressively over the two dimensions. In particular, Linbro plates (Figure 6.2b), developed for 

tissue cultures, are frequently used as well containers. These labwares allow the simultaneous set 

up  of 24 crystallization trials that can be readily divided in 4 rows and 6  columns. This kind of 

disposition, and  the transparency of the plastic used, make the results easy to interpret with the aid 

of an optical microscope. The crystallization drop is usually prepared mixing a defined volume of 

the sample solution with  an equal  volume of the precipitant solution contained in the well 

(reservoir solution). With the Linbro  boxes used, a maximum of 1 mL of solution  can be 

dispensed in each well. 

Figure 6.2. a) Schematic representation of a hanging drop crystallization experiment; b) a Linbro plate 

applied in the hanging drop experiments. 

 

A similar method, the sitting drop technique, is applied when the solvent of the sample 

solution  is not  water, but a liquid with a lower surface tension that  doesn’t allow the application of 

the hanging drop method. Sitting drop technique consists in  the deposition of the crystallization 

drop on a microbridge which is placed in  the reservoir-containing well (Figure 6.3b); also in this 

case the system is isolated by a coverslip, sealed with grease.  
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Figure 6.3 a) Schematic representation of a sitting drop crystallization experiment; b) a microbridge (to be 

introduced in wells of a Linbro plate) and c) a 96 well plate applied in sitting drop experiments. 

 

For practical  motivations, the sitting drop technique is required when automation is 

applied to set up crystallization experiments. The volume of the drop can in this case be lowered 

and a greater number of experiments can be carried  out with the same amount  of compound. In 

the present  thesis, a 96-well containing crystallization plates, with  two compartments for the 

deposition of the crystallization drop for each well, have been employed in the experiment carried 

out by the robot (Figure 6.3a and c). Due to the small dimensions of each trial, an adhesive tape 

was stuck on the whole plate instead of single coverslips. With these kind of plates a maximum 

volume of 100 µL of reservoir solution can be dispensed for each trial. 

Crystallization robot  It is possible to carry out crystallization experiments using an 

automatic system on a crystallization robot facility. In particular, a Freedom Evo Tecan robot has 

been used for crystallization trials of the 4th Screening during the experimental  work of this thesis 

(Figure 6.4). As already said, the sitting drop technique is the method used in automatic 

experiments. 
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Figure 6.4 The Tecan Freedom Evo robot. In the middle of the worktable a washstation is settled. On the right 

and on the left there are carriers to support the main labwares. A robotic arm with four syringes allows the 

aspiration and dispensing of the liquids.  
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6.2 Experimental Procedures

Synthesis of MPC-p-MBA[1] (54) 

 

S COOH

n

Au

 

HAuCl4
.3H2O (108.5 mg, 0.275 ! 10-3 mol) was dissolved in  37 mL of deoxygenated dry ethanol 

and poured into a 100 mL round-bottom flask. A solution of p-mercaptobenzoic acid 53 (127.2 

mg, 0.825 ! 10-3 mol) in 15.4 mL of deoxygenated dry  ethanol was added dropwise under argon 

atmosphere, under vigorous stirring. After a few minutes a clear precipitate was observed into the 

yellow reaction mixture. A solution of NaBH4 (114.5  mg, 3.025 ! 10-3 mol) in 9.2 mL of 

deoxygenated dry ethanol was then added dropwise, at  0 °C. The reaction mixture turned quickly 

from yellow to dark brown, suggesting the formation of small clusters; a dark suspension was 

observed, due to the poor solubility of such clusters in  the reaction mixture. The mixture was left 

to  stir for 4 h  and 30 min under argon atmosphere, then  it was kept for 40 h at -18 °C to favour the 

precipitation of the nanoparticles; after this time, it  was transferred in two centrifuge tubes and the 

supernatant was removed. The residue was purified by centrifugation (10 minutes, 4000 rpm, 20 

°C) with  diethyl ether (3 ! 35 mL) followed by decanting of the supernatant  solution. The residue 

was then purified by centrifugation (10 minutes, 4000 rpm, 20 °C) with ethanol (3 ! 35 mL) 

followed by decanting of the supernatant solution. The precipitate was dissolved in  a small 

amount of mQ water and  lyophilized. 60.9  mg of nanoparticles 54  as deep brown solid  were 

obtained. The nanoparticles are soluble only in aqueous media. 1H-NMR (D2O, 500 MHz) ": 

7.25-8.10 (multiplets). UV-vis (H2O, c =  0.1 mg/mL):  monotonic decay from 200 nm. TEM: xm = 

1.7 nm; # = 0.4 nm; n = 123. TGA: 60.82%.   

Crystallization: 1st Screening 

Preparation of the NPs solution (A-D): 4 mg of MPC-p-MBA 54  were dissolved in 80 $L of mQ 

water, obtaining a solution with concentration of 50 mg/mL. Preparation  of the drop: 2 $L of 

reservoir were added to 2 $L of NPs solution. Precipitation  of the NPs occurred as soon as the 

two solutions were mixed in  the drop. The drop was prepared just before sealing the well, to  avoid 
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evaporation of the solvent that may change the concentration of the sample. Preparation of the 

reservoir:  2  M NaCl solution  was added in order to reach  the desired concentration in a 1 mL 

reservoir solution; then, 1 M acetic acid and methanol were added and the wells were sealed 

quickly to avoid partial evaporation of the solvent. Each reservoir was mixed before closing. The 

plate was kept at  room temperature. Black polymorphous crystals were obtained in the wells 

reported in yellow, Table 6.1. The reservoir  solutions were prepared with  different concentrations, 

in  order to test conditions ranging from 0 to 50% (v/v) of methanol, from 50 mM to 150 mM of 

acetic acid and from 300 mM to 400 mM of sodium chloride. 

    Table 6.1 Reservoir and drop composition for the 1st Screening.

1 2 3 4 5 6 [NPs] drop

MeOH (µL) 500 500 500 450 450 450

A NaCl 2M (µL) 150 150 150 150 150 150 50 mg/mL

CH3COOH 1M (µL) 50 100 150 50 100 150

H2O (µL) 300 250 200 350 300 250

MeOH (µL) 500 500 500 450 450 450

B NaCl 2M (µL) 200 200 200 200 200 200 50 mg/mL

CH3COOH 1M (µL) 50 100 150 50 100 150

H2O (µL) 250 200 150 300 250 200

MeOH (µL) 400 400 400 0 0 0

C NaCl 2M (µL) 150 150 150 150 150 150 50 mg/mL

CH3COOH 1M (µL) 50 100 150 50 100 150

H2O (µL) 400 350 300 800 750 700

MeOH (µL) 400 400 400 0 0 0

D NaCl 2M (µL) 200 200 200 200 200 200 50 mg/mL

CH3COOH 1M (µL) 50 100 150 50 100 150

H2O (µL) 350 300 250 750 700 650

 

Crystallization: 2nd Screening 

Preparation of the NPs solution (E, F): the stock solution with concentration 50 mg/mL was 

diluted to  concentration 25 mg/mL (E) and  35 mg/mL (F) with mQ water. The concentration of 

the sample solution was decreased considering the results of the previous test, in order to  slow 

down the rate of precipitation. Preparation of the drop: 2 !L of a NaCl solution were added to 2 
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!L AuNPs (25 or 35 mg/mL). This NaCl solution was prepared in order to have the same salt 

concentration both in the drop and the reservoir, so the mother-solution was prepared  by dilution 

of 175 !L of 2 M NaCl to a total volume of 1 mL with mQ water. Precipitation of the 

nanoparticles occurred at a lower extent  than the first experiment. Preparation of the reservoir:  the 

2 M NaCl solution  was added in  order to  reach  the desired concentration in a 1 mL reservoir 

solution; then, 1 M acetic acid and methanol were added and the wells were sealed quickly to 

avoid partial evaporation of the solvent. Each reservoir  was mixed before closing. The plate was 

kept at room temperature. No single crystals were obtained after 5 days, only precipitates, Table 

6.2. 

      Table 6.2 Reservoir and drop composition for the 2nd Screening.

1 2 3 4 5 6 [NPs] drop

MeOH (µL) 450 450 450 450 450 450

E NaCl 2M (µL) 175 175 175 175 175 175 25 mg/mL

CH3COOH 1M (µL) 15 30 45 60 75 90

H2O (µL) 360 345 330 315 300 285

MeOH (µL) 450 450 450 450 450 450

F NaCl 2M (µL) 175 175 175 175 175 175 35 mg/mL

CH3COOH 1M (µL) 15 30 45 60 75 90

H2O (µL) 360 345 330 315 300 285

Crystallization: 3rd Screening 

Preparation of the NPs solution (G): the stock solution with concentration 50 mg/mL was diluted 

to  concentration 25 mg/mL with mQ water. Preparation of the drop: 2 !L of a water solution of 

NaCl 350 mM and methanol 45% (v/v) was added to 2 !L AuNPs (25 mg/mL). The 

concentrations in sodium chloride and methanol in the drop were half those in the reservoir. 

Preparation of the reservoir: 2 M NaCl solution was added in order to  reach the desired 

concentration in  a 1 mL reservoir solution; then, 1 M acetic acid and methanol were added and 

the wells were sealed quickly to  avoid partial evaporation  of the solvent. Each reservoir was 

mixed before closing. The plate was kept at room temperature. No single crystals were obtained 

after 5 days, only precipitates, Table 6.3. These experiments were carried  on with the same sample 

concentration of row E (2nd Screening), but adding methanol to the drop containing the sample.
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     Table 6.3 Reservoir and drop composition for the 3rd Screening.

1 2 3 4 5 6 [NPs] drop

MeOH (µL) 450 450 450 450 450 450

G NaCl 2M (µL) 175 175 175 175 175 175 25 mg/mL

CH3COOH 1M (µL) 15 30 45 60 75 90

H2O (µL) 360 345 330 315 300 285

Crystallization: 4th Screening

This screening was performed using the Freedom Evo Tecan robot, available at the Centre of 

Excellence in Biocrystallography. In this screening, a concentration ranging from 15 mg/mL of 

sample in the drop was tested, together with NaCl  concentration of 0-600 mM and acetic acid 

concentrations of 50-150 mM in the reservoir. The concentration of methanol in the reservoir  was 

kept constant, 50% (v/v). Preparation  of the NPs solution (H-O): the stock solution with 

concentration 50 mg/mL was diluted to the concentrations reported in the following table with 

mQ water. Preparation of the drop: 0.7 !L of reservoir was added to 0.7 !L AuNPs. The plate was 

kept at room temperature. No single crystals were obtained after 5 days, Table 6.4.  

                      

Crystallization: 5th Screening 

The following trials were designed in order to test the influence of temperature on the 

crystallization. Preparation  of the NPs solution (P, Q): the stock solution with concentration  50 

mg/mL was diluted to concentration 15 mg/mL with mQ water. Preparation of the drop: 2 !L of 

reservoir were added to 2 !L AuNPs (15 mg/mL). Preparation of the reservoir: 2 M NaCl  solution 

was added in order to  reach the desired concentration in a 1 mL reservoir solution; then, 1M 

acetic acid and methanol  were added and the wells were sealed quickly to avoid partial 

evaporation of the solvent. Each reservoir was mixed before closing. The plate was kept at 4 °C. 

No single crystals were obtained after 5 days, Table 6.5. 
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                     Table 6.4 Reservoir and drop composition for the 4th Screening.

1 2 3 4 5 6 7 8 9 10 11 12 [NPs] 
drop

MeOH 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

H NaCl 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 50 mg/
mL

CH3COOH 50 mM 50 mM 50 mM 50 mM 100 mM 100 mM 100 mM 100 mM 150 mM 150 mM 150 mM 150 mM

MeOH 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

I NaCl 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 45 mg/
mL

CH3COOH 50 mM 50 mM 50 mM 50 mM 100 mM 100 mM 100 mM 100 mM 150 mM 150 mM 150 mM 150 mM

MeOH 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

J NaCl 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 40 mg/
mL

CH3COOH 50 mM 50 mM 50 mM 50 mM 100 mM 100 mM 100 mM 100 mM 150 mM 150 mM 150 mM 150 mM

MeOH 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

K NaCl 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 35 mg/
mL

CH3COOH 50 mM 50 mM 50 mM 50 mM 100 mM 100 mM 100 mM 100 mM 150 mM 150 mM 150 mM 150 mM

MeOH 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

L NaCl 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 30 mg/
mL

CH3COOH 50 mM 50 mM 50 mM 50 mM 100 mM 100 mM 100 mM 100 mM 150 mM 150 mM 150 mM 150 mM

MeOH 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

M NaCl 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 25 mg/
mL

CH3COOH 50 mM 50 mM 50 mM 50 mM 100 mM 100 mM 100 mM 100 mM 150 mM 150 mM 150 mM 150 mM

MeOH 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

N NaCl 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 20 mg/
mL

CH3COOH 50 mM 50 mM 50 mM 50 mM 100 mM 100 mM 100 mM 100 mM 150 mM 150 mM 150 mM 150 mM

MeOH 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

O NaCl 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 0 mM 200 mM 400 mM 600 mM 15 mg/
mL

CH3COOH 50 mM 50 mM 50 mM 50 mM 100 mM 100 mM 100 mM 100 mM 150 mM 150 mM 150 mM 150 mM

     Table 6.5 Reservoir and drop composition for the 5th Screening.

1 2 3 4 5 6 [NPs] drop

MeOH (µL) 500 500 500 450 450 450

P NaCl 2M (µL) 150 150 150 150 150 150 15 mg/mL

CH3COOH 1M (µL) 50 100 150 50 100 150

H2O (µL) 300 250 200 300 250 200

MeOH (µL) 500 500 500 450 450 450

Q NaCl 2M (µL) 200 200 200 200 200 200 15 mg/mL

CH3COOH 1M (µL) 50 100 150 50 100 150

H2O (µL) 250 200 150 300 250 200
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Crystallization: 6th Screening 

Instead of playing with the concentration of the alcohol, further trials were designed in order to 

explore the effect of different alcoholic precipitants. LiCl was used in some trials instead of NaCl. 

Preparation of the NPs solution (R-T): the stock solution with concentration 50 mg/mL was 

diluted to concentration 15 mg/mL with mQ water. Preparation of the drop: 2 !L of reservoir 

were added to 2 !L AuNPs (15 mg/mL). Preparation of the reservoir:  2 M NaCl or LiCl solution 

was added in order to reach the desired concentration in a 1 mL reservoir solution; then, 1 M 

acetic acid and alcohol were added and the wells were sealed quickly to avoid partial evaporation 

of the solvent. Each reservoir was mixed before closing. The plate was kept  at  room temperature. 

No single crystals were obtained after 5 days, Table 6.6.  

     Table 6.6 Reservoir and drop composition for the 6th Screening.

1 2 3 4 5 6 [NPs] drop

Alcohol (µL)

EtOH i-PrOH n-BuOH

500 500 500 500 500 500

R NaCl 2M (µL) 150 150 150 150 150 150 15 mg/mL

CH3COOH 1M (µL) 50 100 50 100 50 100

H2O (µL) 300 250 300 250 300 250

MeOH (µL) 500 500 500 500

S LiCl 2M (µL) 50 50 100 100 15 mg/mL

CH3COOH 1M (µL) 50 100 50 100

H2O (µL) 400 350 350 300

MeOH (µL) 500 500 500 500 500 500

T NaCl 2M (µL) 0 0 0 50 100 150 15 mg/mL

CH3COOH 1M (µL) 50 100 150 0 0 0

H2O (µL) 450 400 350 450 400 350

Crystallization: 7th Screening 

Preparation of the NPs solution (U-X): 8.4 mg of MPC-p-MBA 54 were dissolved in 420 !L of 

mQ water, obtaining a fresh solution with  concentration 20 mg/mL (U). This stock solution was 

diluted to concentration 15 mg/mL (V), 10 mg/mL (W), 5 mg/mL (X) with mQ water. Preparation 
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of the drop: 2 !L of reservoir were added to 2 !L AuNPs (15 mg/mL). Preparation of the 

reservoir:  2  M NaCl solution  was added in order to reach  the desired concentration in a 1 mL 

reservoir solution; then, 0.1 M acetic acid and alcohol were added and the wells were sealed 

quickly to avoid partial evaporation of the solvent. Each reservoir was mixed before closing. The 

plate was kept at room temperature. No single crystals were obtained after 5 days, only 

microcrystalline precipitates were observed  in  row V at low concentrations of acetic acid, Table 

6.7. 

                         Table 6.7 Reservoir and drop composition for the 7th Screening.

1 2 3 4 [NPs] drop

MeOH (µL) 500 500 500 500

U NaCl 2M (µL) 25 25 25 25 20 mg/mL

CH3COOH 0.1M (µL) 10 50 100 150

H2O (µL) 465 425 375 325

MeOH (µL) 500 500 500 500

V NaCl 2M (µL) 25 25 25 25 15 mg/mL

CH3COOH 0.1M (µL) 10 50 100 150

H2O (µL) 465 425 375 325

MeOH (µL) 500 500 500 500

W NaCl 2M (µL) 25 25 25 25 10 mg/mL

CH3COOH 0.1M (µL) 10 50 100 150

H2O (µL) 465 425 375 325

MeOH (µL) 500 500 500 500

X NaCl 2M (µL) 25 25 25 25 5 mg/mL

CH3COOH 0.1M (µL) 10 50 100 150

H2O (µL) 465 425 375 325

Crystallization: 8th Screening   

In row V (7th Screening) a lot  of microcrystalline precipitates were observed, so further trials were 

conducted with the same concentration of nanoparticle solution and the same amounts of 

methanol and NaCl, but varying the amount of acetic acid  in a little range of concentrations. 

Preparation of the NPs solution (Y, Z): 6.3 mg of MPC-p-MBA were dissolved in 420 !L of mQ 

water, obtaining a solution with concentration 15 mg/mL. Preparation of the drop: 2 !L of 
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reservoir were added to 2 !L AuNPs (15 mg/mL). Preparation of the reservoir: 2 M NaCl  solution 

was added in order to reach the desired concentration in a 1 mL reservoir solution; then, 1 M 

acetic acid and alcohol were added and the wells were sealed quickly to avoid partial evaporation 

of the solvent. Each reservoir was mixed before closing. The plate was kept  at  room temperature. 

No single crystals were obtained after 5 days, only microcrystalline precipitates, Table 6.8. 

         Table 6.8 Reservoir and drop composition for the 8th Screening. 

1 2 3 4 5 6 [NPs] drop

MeOH (µL) 500 500 500 500 500 500

Y NaCl 2M (µL) 25 25 25 25 25 25 15 mg/mL

CH3COOH 0.1M (µL) 10 15 20 25 30 35

H2O (µL) 465 460 455 450 445 440

MeOH (µL) 500 500 500 500 500 500

Z NaCl 2M (µL) 25 25 25 25 25 25 15 mg/mL

CH3COOH 0.1M (µL) 40 45 50 55 60 65

H2O (µL) 435 430 425 420 415 410

2-[2-(2-Methoxyethoxy)ethoxy]-1-ethyl-para-toluenesulfonate[2] (57) 

S
O

O
O

O

O

O

To a solution of 4-toluenesulfonyl chloride (2.39 g, 12.5 " 10-3 mol) in dry  dichloromethane (5 

mL) a solution of triethylene glycol  monomethyl ether 55 (1.99 g, 12 " 10-3 mol) and 

triethylamine (2.43 mL, 24 " 10-3 mol) in dry dichloromethane (2.5 mL) was added  dropwise at 0 

°C, under argon atmosphere, in a 100 mL round bottom flask; a white precipitate was observed. 

The mixture was left to stir at room temperature for 20 h and then it was poured into water. The 

solution  was extracted with  dichloromethane (3 " 15 mL). The organic layer was washed with 

HCl  6 M (15 mL), NaHCO3 5% (15 mL), water (20 mL) and then dried over anhydrous Na2SO4. 

The solvent was removed under reduced pressure to yield 3.43 g  of compound 57 as a colourless 

viscous oil. Yield:  90%. 1H-NMR (500 MHz, CDCl3) #: 2.44 (s, 3H, CH3Ph); 3.37 (s, 3H, CH3O); 

3.52-3.61 (m, 8H, (CH2O)4); 3.66 (t, 2H, J =  4.83, CH2O); 4.16 (t, 2H, J = 4.82 Hz, CH2O); 7.33 

(d, J =  8.04 Hz, 2H, Ar); 7.79 (d, J =  8.18 Hz, 2H, Ar). 13C-NMR (67.8  MHz, CDCl3) #:  21.77 
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(CH3Ph); 59.00 (CH3O); 68.65, 69.28, 70.53, 70.55, 70.72, 71.89 (CH2O); 128.08, 129.96, 

133.09, 144.98 (C-Ar).

2-[2-(2-Methoxyethoxy)ethoxy]ethyl azide[2] (58) 

N3

O
O

O

 

To a solution of 2-[2-(2-methoxyethoxy)ethoxy]-1-ethyl-para-toluenesulfonate 57 (3.03 g, 9.5  ! 

10-3 mol) in  a 1/1 water/methanol  mixture in a 100 mL round-bottom flask, sodium azide (7.41 g, 

114 ! 10-3 mol) was added. The reaction mixture was heated under stirring at 75 °C for 18 h, then 

it  was cooled down at room temperature and diluted with water (15 mL). The acqueous phase was 

extracted with dichloromethane (4 ! 15 mL) and dried over anhydrous Na2SO4. The solvent was 

removed under reduced pressure giving 1.61 g of compound 58 as a colourless oil. Yield: 90%. 

1H-NMR (400 MHz, CDCl3) ": 3.38 (m, 5H, CH3O+CH2N); 3.54 (m, 2H, CH2O); 3.65-3.72 (m, 

8H, (CH2O)4).

2-[2-(2-Methoxyethoxy)ethoxy]ethyl ammonium chloride[2] (59) 

-Cl+H3N
O

O
O

 

To a solution of 2-[2-(2-methoxyethoxy)ethoxy]ethyl  azide 58  (1.61 g, 8.53  ! 10-3 mol) in 

tetrahydrofuran (9.7 mL) in a 100 mL round-bottom flask triphenylphosphine (4.48 g, 17.06 ! 

10-3 mol) and water (0.46 mL) were added. The formation of bubbles of N2 was observed. The 

reaction mixture was left to stir at room temperature for 18 h, then  150 mL of HCl 5% were 

added; a white precipitate was observed (phosphinoxide). The acqueous phase was treated with 

diethyl ether (6 ! 15 mL) to  remove any trace of phosphinoxide; the acqueous layer was dried at 

reduced pressure forming the azeotrope with toluene giving 1.68 g of compound 59  as a pale 

yellow oil in quantitative yield. 1H-NMR (270 MHz, CDCl3) ": 2.79 (br, 2H, CH2CH2N); 3.24 

(br, 2H, CH2N); 3.42 (s, 3H, OCH3); 3.55-3.85 (m, 8H, (OCH2)4); 8.25 (br, 3H, NH3
+).  
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S-Acetyl-8-thiooctanoic acid (60) 

S
OH

O

O

 

To a solution of 8-bromooctanoic acid 56  (2.00 g, 8.96 ! 10-3 mol) in dry DMF (12 mL) 

potassium thioacetate (2.00 g, 17.5 ! 10-3 mol) was added at 0°C, under argon atmosphere. The 

mixture was left to stir for 2 h and 30 min at room temperature, in darkness, then it was diluted 

with  water and diethyl  ether. The two phases were separated and the acqueous phase was 

extracted with diethyl ether (3 ! 20 mL). The organic layer was washed with water (6 ! 20  mL) 

and brine (20 mL) and it was dried over anhydrous Na2SO4. The solvent was removed under 

reduced pressure and 1.50 g of compound 60 as yellow oil was obtained. Yield: 94%. 1H-NMR 

(500 MHz, CDCl3) ": 1.33 (m, 6H, (CH2)3); 1.56 (m, 4H, (CH2)2); 2.32-2.37 (m, 5H, 

CH3+CH2CO); 2.85 (t, 2H, CH2S, J =  7.31). 13C-NMR (100 MHz, CDCl3) ": 24.51 (CH3CO); 

28.49, 28.52, 28.66, 28.81, 29.03, 29.36 (CH2); 30.60 (CH2CO); 33.94 (CH2S); 179.86 (C=O); 

196.10 (C=O). 

S-Acetyl-8-thiooctanoyl chloride[2] (61)  

 

S
Cl

O

O

   

To a solution of S-acetyl-8-thiooctanoic acid 60 (600 mg, 2.75 ! 10-3 mol) in  dry 

dichloromethane (12 mL), thionyl chloride (260 µL, 3.58 ! 10-3 mol) was added, under argon 

atmosphere. The reaction mixture was stirred at room temperature for 3 h, then the solvent was 

removed under reduced pressure. The residue was treated with dry toluene (2 mL), that was then 

evaporated under reduced pressure. 652 mg of compound 61 as a yellow oil  were obtained in 

quantitative yield. 1H-NMR (270 MHz, CDCl3) ": 1.34 (m, 6H, (CH2)3); 1.54-1.71 (m, 4H, 

(CH2)2); 2.33 (s, 3H, COCH3); 2.84-2.88 (m, 4H, CH2CO+CH2S).
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7-({2-[2-(2-Methoxyethoxy)ethoxy]ethyl}carbamoyl)heptilethanethioate[2] (62) 

O
O

O

H
N

S

O

O

 

To a solution of S-acetyl-8-thiooctanoyl chloride 61 (700 mg, 2.96 ! 10-3 mol) in dry 

dichloromethane (11 mL) a solution  of 2-[2-(2-methoxyethoxy)ethoxy]ethyl ammonium chloride 

59  (390 mg, 1.97 ! 10-3 mol) in dry dichloromethane (7  mL) were added in  a 100 mL round-

bottom flask, under argon atmosphere. Then triethylamine (1.1 mL, 13.96 ! 10-3 mol) was added 

dropwise. The mixture was left to stir at room temperature, under argon atmosphere, for 18 h, 

then it was diluted with dichloromethane and washed with HCl  1 M (3 ! 25 mL). The organic 

layer was dried over anhydrous Na2SO4 and the solvent  was evaporated under reduced pressure. 

The crude product was purified by flash chromatography using a gradient starting from ethyl 

acetate/petroleum ether 2/1 to  pure ethyl acetate. 507 mg of compound 62  were obtained as a 

clear oil. Yield:  71%. 1H-NMR (400 MHz, CDCl3) ":  1.26-1.38 (m, 6H, (CH2)3); 1.50-1.66 (m, 

4H, (CH2)2); 2.17 (t, 2H, CH2CO, J =  7.54); 2.30 (s, 3H, CH3); 2.83 (t, 2H, CH2S, J = 7.28); 3.36 

(s, 3H, OCH3); 3.42-3.46 (m, 2H, CH2N); 3.52-3.67 (m, 10H, (CH2O)5); 6.31 (br, 1H, NH). 13C-

NMR (100 MHz, CDCl3) ": 25.76 (CH3O); 28.69, 28.90, 29.16, 29.19, 29.53 (CH2); 30.73 

(CH2CO); 36.51 (CH2S); 39.35 (CH2N); 59.13 (CH3O); 69.94, 70.24, 70.52, 72.00 (CH2O); 

173.63 (C=O); 196.17 (C=O). MS-ESI (CH3OH) m/z: 386.5 [M + Na]+. 

N-1-{2-[2-(2-Methoxyethoxy)ethoxy]ethyl}-8-sulfanyloctanamide[2] (HS-C8-TEG, 9)  

O
O

O

H
N

HS

O   

7-({2-[2-(2-methoxyethoxy)ethoxy]ethyl}carbamoyl)heptilethanethioate 62 (58 mg, 0.16 ! 10-3 

mol) was dissolved in 2.5 mL of deoxygenated dry methanol under argon atmosphere; then 0.5 M 

sodium methoxide (0.97 mL) was added. The reaction mixture was left to  stir 1 h at  room 

temperature; DOWEX DR-2030 was then added and the mixture was stirred until pH 5. The resin 

was filtered off and the solvent was removed under reduced pressure to  give compound 9  as a 

pale-yellow oil  in quantitative yield. 1H-NMR (500 MHz, CDCl3) ": 1.28-1.40 (m, 6H, (CH2)3; 
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1.55-1.75 (m, 4H, (CH2)2; 2.21 (t, 2H, CH2C=O, J =  7.22); 2.51 (m, 2H, CH2S); 3.38 (s, 3H, 

CH3O); 3.46 (m, 2H, CH2N); 3.48-3.65 (m, 10H, (CH2O)5); 6.40 (br, 1H, NH).

Synthesis of MPC-C8-TEG[2] (19) 

 

n

S

H
N

O
3 2

O

O
Au

     

HAuCl4
.3H2O (80 mg, 0.203 ! 10-3 mol) was dissolved in 40 mL of distilled water and poured 

into  a 250 mL round-bottom flask. A solution of HS-C8-TEG 9 (131 mg, 0.406  ! 10-3 mol) in 

deoxygenated dry methanol (41 mL) was added. The solution turned from yellow to orange; the 

mixture was left to stir for 30 minutes, while its color faded on standing. The solution was cooled 

to  0  °C and kept at that temperature for 30 minutes; further fading was observed. NaBH4 (92  mg, 

2.43 ! 10-3 mol) in 23  mL of water was added in  10 seconds at 0  °C; the reaction mixture turned 

immediately deep-brown. It was stirred at 0 °C for 30 minutes and then at room temperature for 3 

h. The solvent was removed under reduced pressure without heating above 35 °C. The residue 

was dissolved in 4 mL of dichloromethane and transferred in two centrifuge tubes, where it was 

dried under a mild argon flow. The nanoparticles were purified by centrifugation (10 minutes, 

4000  rpm, 20 °C) with diethyl ether (5 ! 25  mL) followed by decanting of the supernatant 

solution. The nanoparticles were further purified by gel permeation chromatography (SephadexTM 

LH-20, methanol). 71 mg of nanoparticles 19 as deep brown solid were obtained. 1H-NMR (400 

MHz, CDCl3) ":  1.31 (br, CH2); 1.60 (br, CH2); 2.26 (br, CH2CO); 3.37 (br, CH3O); 3.54 (br, 

CH2O); 3.62 (br, CH2O). UV-vis (MeOH, c = 0.1 mg/mL): monotonic decay from 200 nm. TEM: 

xm = 1.5; # = 0.3; n = 190. TGA: 45.58%.  Average composition: Au102(S-C8-TEG)50.

Methoxy-PEG550 4-methylbenzenesulfonate[3] (69) 

S
O

O

n

O

O
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To a solution of 4-toluenesulfonyl chloride (1.80 g, 9.45 ! 10-3 mol) in dry dichloromethane (3.80 

mL) a solution of methoxy-PEG550 67 (5.00 g, 9.09 ! 10-3 mol) and triethylamine (2.53 mL, 

18.18 ! 10-3 mol) in dry dichloromethane (1.90 mL) was added dropwise at 0 °C under argon 

atmosphere in a 100 mL round bottom flask; a white precipitate was observed. The mixture was 

left to  stir at  room temperature for 18  h and then poured into water. The solution was extracted 

with  dichloromethane (3 ! 15 mL); the organic layer was washed with HCl  6 M (15 mL), 

NaHCO3 5% (15 mL), water (20 mL) and then dried over anhydrous Na2SO4. The solvent  was 

removed under reduced pressure to  yield 6.06 g of compound 69  as a pale yellow oil. Yield:  95%.

1H-NMR (500 MHz, CDCl3)  ": 2.44 (s, 3H, CH3Ph); 3.37 (s, 3H, CH3O); 3.53-3.70 (m, 42H, 

(CH2O)n); 4.14 (t, 2H, J = 4.68  Hz, CH2O); 7.33 (d, J =  8.15 Hz, 2H, Ar); 7.78 (d, J = 8.03 Hz, 

2H, Ar). 13C-NMR (67.8 MHz, CDCl3) ": 21.62 (CH3Ph); 59.08 (CH3O); 68.72, 69.31, 

70.57-70.65, 70.79, 71.98 (CH2O); 128.15, 130.01, 133.15, 145.00 (C-Ar).

2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-Hexadecafluoro-10-(methoxy-PEG550)-decan-1-ol[3] (70) 

 

HO
O

FF

FF

FF

FF FF FF

FF FF

O
n

  

To a solution of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecane-1,10-diol 68  (1.64 g, 3.54 ! 

10-3 mol) in  dry dioxane (6.6  mL) a solution of methoxy-PEG550 4-methylbenzenesulfonate 69 

(2.74 g, 3.89 ! 10-3 mol) in  dry dioxane (1.4 mL) and KOH powder (240 mg, 4.24 ! 10-3 mol) 

were added under argon atmosphere in a 100 mL round-bottom flask. The mixture was heated  at 

reflux for 17 h and then cooled down at room temperature; it was diluted with ethyl acetate (15 

mL) and water (15 mL); the two phases were separated  and the acqueous phase was extracted 

with  ethyl  acetate (4 ! 20 mL). The combined organic layers were then washed with  water (20 

mL) and brine (20 mL) and dried over anhydrous Na2SO4. After solvent removal, the crude 

product was purified by flash chromatography (gradient from ethyl acetate/petroleum ether 1/1 to 

ethyl acetate/methanol 1/1) to yield 2.04 g of compound 70 as a clear oil. Conversion: 77%. 

Yield:  73%. 1H-NMR (270 MHz, CDCl3):  " = 3.37 (s, 3H, CH3O), 3.52-3.79 (m, 46H, (CH2O)n), 

4.05 (m, 4H, OCH2CF2). MS-ESI (CH3OH) m/z: 851.3, 895.4, 939.4, 983.4, 1027.4, 1071.4, 

1115.4, 1159.4 [M + Na]+. 

Experimental Part 

135

n = 11-12



(S)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-Hexadecafluoro-10-(methoxy-PEG550) thioacetate[3] (71) 

 

S
O

FF

FF

FF

FF FF FF

FF FF

O
n

O

To a solution  of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550)-decan-1-ol 

70  previously coevaporated with dry toluene in order to remove traces of water (2.04 g, 1.99 ! 

10-3 mol) in dry dichloromethane (16 mL), trifluoromethanesulfonyl chloride (0.67 mL, 6.37 ! 

10-3 mol) was added dropwise under argon atmosphere. The mixture was then cooled to 0 °C and 

triethylamine (2.21 mL, 15.92 ! 10-3 mol) was added dropwise; a pale yellow precipitate was 

observed. The mixture was left to stir at  room temperature for 18 h. Another portion of 

trifluoromethanesulfonyl chloride (0.42 mL, 3.98 ! 10-3 mol) and triethylamine (1.1 mL, 7.96 ! 

10-3 mol) was added at 0 °C and the mixture was left to stir at room temperature for 2 h. The 

precipitate was then filtered off, the solvent  was removed under reduced pressure under argon 

atmosphere and the residue was redissolved in dry N,N’-dimethylformamide (15 mL) under argon 

atmosphere. Potassium thioacetate (455 mg, 3.98 mmol) was added to the solution; the mixture 

was protected from light and stirred at room temperature for 4 h. Then, ethyl acetate (30 mL) and 

water (30 mL) were added, and the phases were separated. The acqueous phase was extracted 

with  ethyl acetate (3  ! 30 mL); the organic layer was washed with water (5 ! 30 mL) and brine 

(30 mL) and dried over anhydrous Na2SO4. After solvent removal, the crude product was purified 

by  flash chromatography (gradient from chloroform to  chloroform/methanol  97/3) to yield 1.56 g 

of compound 71 as a brown oil. Yield: 72%. 1H-NMR (500 MHz, CDCl3) ": 2.44 (s, 3H, 

CH3C=0), 3.38 (s, 3H, CH3O), 3.54-3.78 (m, 44H, (CH2O)n + CF2CH2S), 4.0 (t, JH,F =  14.01 Hz, 

2H, CF2CH2O). 13C-NMR (67.8 MHz, CDCl3) ": 29.6 (t, JC,F = 23.4 Hz, SCH2CF2), 30.4 

(CH3C=O), 59.3 (CH3O), 68.2 (t, JC,F = 25.9 Hz, CF2CH2O), 70.9-72.6 (CH2O), 110.6-116.0 (m, 

CF2), 192 (C=O). MS-ESI (CH3OH) m/z: 909.5, 953.4, 997.5, 1041.5, 1085.5, 1129.5, 1173.7 [M 

+ Na]+.
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2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-Hexadecafluoro-10-(methoxy-PEG550)decan-1-thiol[3] (66) 

HS
O

FF

FF

FF

FF FF FF

FF FF

O

n

To a solution  of (S)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550) 

thioacetate 71 (300 mg, 0.277 ! 10-3 mol) in  deoxygenated dry dichloromethane (16 mL) and 

methanol (10.1 mL, 0.249 mol), acetyl chloride (6.80 mL, 95 ! 10-3 mol) was added dropwise at 0 

°C, under argon atmosphere. The mixture was stirred overnight  at room temperature, then another 

two portions of acetyl chloride (6.80 mL each) were added at 0 °C over 10 h and the mixture was 

left to stir overnight. Dichloromethane (15 mL) and water (15 mL) were then added; the phases 

were separated and the acqueous phase was extracted with dichloromethane (3 x 20 mL); the 

organic layer was washed with  water (6 x 40 mL) and dried over anhydrous Na2SO4. The solvent 

was removed under reduced pressure to yield 269 mg of compound 66 as a yellow oil. Yield: 

93%. 1H-NMR (500 MHz, CDCl3) ":  1.75 (t, J =  9.03 Hz, 1H, SH), 3.14 (ddt, JH,F = 16.50 Hz, 

JH,H =  9.05 Hz, 2H, CH2S), 3.37 (s, 3H, CH3O), 3.53-3.78 (m, 44H, (CH2O)n), 4.03 (t, JH,F = 

13.75 Hz, 2H, OCH2CF2). 13C-NMR (67.8 MHz, CDCl3) ": 25.73 (t, JC,F =  25.83 Hz, CF2CH2S), 

59.09 (CH3O), 68.41 (t, JC,F =  25.39 Hz, CF2CH2O), 70.62 (CH2O), 71.90-72.44 (CH2O), 107.32, 

111.16, 115.19, 119.58 (m, CF2). 

2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-Hexadecafluoro-10-(methoxy-PEG550)decan-1-thiolate[4] (10)

+Na-S
O

FF

FF

FF

FF FF FF

FF FF

O

n
 

 

To a solution  of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550)decan-1-

thiol 66 (116 mg, 0.111 x10-3 mol) in deoxygenated  dry methanol  (2 mL) 0.7 mL of 0.5 M sodium 

methoxide in methanol was added, under argon atmosphere. The solution was stirred for 30 

minutes before use. 
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Synthesis of MPC-F8-PEG[4] (72)  

m

Au
S

O

FF FF

FF FF

O
n2

HAuCl4
.3H2O (25 mg, 0.063 ! 10-3 mol) was dissolved in 12.5 mL of deoxygenated distilled 

water and poured into a 100 mL round-bottom flask. A solution of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-

hexadecafluoro-10-(methoxy-PEG550)decan-1-thiolate 10 (0.139 ! 10-3 mol) in  deoxygenated 

dry methanol (24.33 mL) was added to the mixture through a double-tipped needle under argon 

atmosphere. The reaction mixture turned from yellow to deep orange. The solution was stirred at 

room temperature for 1 h, then 1.80 mL of an acqueous solution of NaBH4 (27 mg, 0.718 ! 10-3 

mol) was added in 10 seconds at room temperature. The solution turned from orange to deep 

brown, suggesting the formation of small protected nanoparticles. The mixture was left to  stir for 

3 h, then  the solvent was removed under reduced pressure. The residue was dissolved in 4 mL of 

dichloromethane and transferred in two centrifuge tubes, where it  was dried under a mild argon 

flow. The nanoparticles were purified by centrifugation (10 minutes, 4000 rpm, 20 °C) with 

diethyl ether (5  ! 15 mL) followed by decanting of the supernatant solution. 23 mg of 

nanoparticles 72 as deep brown solid were obtained. 1H-NMR (500 MHz, CDCl3) ":  3.3 (br, 

CH3O); 3.5-3.7 (br, CH2O); 4.0 (br, CH2CF2O). UV-vis (MeOH, c= 0.1 mg/mL): monotonic 

decay from 200 nm. TEM: xm = 2.51 nm; # = 0.81 nm; n = 442. TGA: 41.86%. Average 

composition: Au590(S-F8-PEG)80.

Methoxy-PEG550 azide[2] (74)   

N3

O

n

To a solution of methoxy-PEG550 4-methylbenzenesulfonate 69  (2.00 g, 2.84 ! 10-3 mol) in  a 1/1 

water/methanol mixture (26 mL) in a 100 mL round-bottom flask, sodium azide (2.22 g, 34.1 ! 

10-3 mol) was added. The reaction mixture was heated under stirring at  75 °C for 18 h, then it was 

cooled down at room temperature and diluted with water (15 mL). The acqueous phase was 
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extracted with dichloromethane (3 ! 30 mL) and dried over anhydrous Na2SO4. The solvent was 

removed under reduced pressure giving 1.49 g of compound 74 as a pale yellow oil. Yield: 91%. 

1H-NMR (400 MHz, CDCl3) ": 3.37 (m, 5H, CH3O+CH2N); 3.50-3.72 (m, 46H, CH2O).

Methoxy-PEG550 ammonium chloride[2] (75)  

 

 

-Cl+H3N
O

n
   

To a solution of methoxy-PEG550 azide 74  (1.45 g, 2.52 ! 10-3 mol) in tetrahydrofuran (10 mL) 

in  a 100 mL round-bottom flask triphenylphosphine (1.32 g, 5.04 ! 10-3 mol) and water (0.136 

mL) were added. Formation of bubbles of N2 was observed. The reaction mixture was left to  stir 

at room temperature for 18 h, then 100 mL of HCl 5% were added; a white precipitate was 

observed (phosphinoxide). The acqueous phase was treated with diethyl ether (8 ! 30 mL) to 

remove any trace of phosphinoxide. The acqueous layer, added of 3 mL of toluene, was dried at 

reduced pressure giving 1.45 g of compound 75 as a pale yellow oil  in quantitative yield. 1H-

NMR (400 MHz, CDCl3) ":  3.19 (br, 2H, CH2N); 3.37 (s, 3H, OCH3); 3.50-3.70 (m, 44H, 

OCH2); 3.90 (br, 2H, CH2CH2N); 7.85 (br, 3H, NH3
+). 13C-NMR (67.8 MHz, CDCl3) ": 40.35 

(CH2N); 59.06 (OCH3); 66.82 (CH2CH2OCH3); 69.93, 69.98, 70.10, 70.15, 70.21, 70.31, 70.35, 

70.41, 70.48, 70.55 (CH2O); 71.96 (CH2CH2N, CH2OCH3). 

8-S-(Acetyl)-octanoyl-N-PEG550[2] (73)  

 

S

H
N

O

O

O
n

  

To a solution of S-acetyl-8-thiooctanoyl chloride 61 (651 mg, 2.75 ! 10-3 mol) in dry 

dichloromethane (10.5 mL) a solution of methoxy-PEG550 ammonium chloride 75 (1.071 g, 1.83 

! 10-3 mol) in  dry dichloromethane (6.5 mL) was added in a 100  mL round-bottom flask, under 
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argon atmosphere. Then triethylamine (1.02 mL, 7.32 ! 10-3) was added  dropwise. The mixture 

was left  to stir at room temperature, under argon atmosphere, for 18 h, then it  was diluted with 

dichloromethane (15 mL) and washed with HCl 1 M (2 ! 25 mL). The two phases were separated 

and the organic layer was dried over anhydrous Na2SO4. The solvent was evaporated under 

reduced pressure. The crude product was purified by flash chromatography using a gradient  from 

ethyl acetate/petroleum ether 7/3 to ethyl  acetate/methanol 1/1. 1.22 g of compound 73 were 

obtained as a pale yellow oil. Yield:  89%. 1H-NMR (500 MHz, CDCl3)  ": 1.26-1.38 (m, 6H, 

(CH2)3); 1.50-1.66 (m, 4H, (CH2)2); 2.19 (t, 2H, CH2CO, J =  7.55); 2.31 (s, 3H, CH3); 2.84 (t, 2H, 

CH2S, J = 7.33); 3.37 (s, 3H, OCH3); 3.42-3.46 (m, 2H, CH2N); 3.52-3.67 (m, 46H, CH2O); 6.39 

(br, 1H, NH). 13C-NMR (125 MHz, CDCl3)  ":  25.31 (CH3O); 28.28, 28.52, 28.73, 28.80, 29.14 

(CH2); 30.35 (CH2CO); 36.15 (CH2S); 38.92 (CH2N); 58.76 (CH3O); 69.64, 69.99, 70.34, 71.71 

(CH2O); 173.29 (C=O); 195.91 (C=O). IR (film) !-1:  3343 (m), 2919 (s), 2868 (s), 1687 (s), 1540 

(m), 1458 (m), 1352 (m), 1293 (m), 1249 (m), 1110 (s), 1042 (m), 951 (m). MS-ESI (CH3OH) m/

z: 518.4, 562.5, 606.5, 650.6, 694.6, 738.6, 782.6, 826.6, 870.6, 914.7, 958.7 [M + Na]+. 

Synthesis of 5 nm MPC-F8-PEG[5] (76)  

Au

m

S
O

FF FF

FF FF

O
n2

In a 100 mL round-bottom flask, a solution of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-

(methoxy-PEG550)decan-1-thiolate 10 (0.111 ! 10-3 mol) in  deoxygenated ethanol  (12.7 mL) was 

added to a ethanol solution  (12 mL) of HAuCl4.3H2O (41.9 mg, 0.111 ! 10-3 mol) through a 

double-tipped needle under argon atmosphere. The reaction  mixture turned from yellow to 

orange. After five minutes, 2.6 mL of a freshly-prepared saturated solution  of NaBH4 (47 mg, 1.23 

! 10-3 mol) in 24.6 mL of ethanol was added dropwise (1 drop/sec), until the mixture turns from 

orange to deep red. The solution was stirred for 4  h and 30 minutes, then the solvent was removed 

under reduced pressure. The residue was dissolved in 4 mL of dichloromethane and transferred in 

two centrifuge tubes, where it  was dried under a mild  argon flow. The nanoparticles were purified 

by  centrifugation (10 minutes, 4000 rpm, 20 °C) with diethyl ether (3 ! 25 mL) followed by 

decanting of the supernatant solution. The nanoparticles were further purified by gel permeation 
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chromatography (SephadexTM LH-20, methanol). 45 mg of nanoparticles 76  as golden-purple 

solid were obtained. 1H-NMR (CDCl3, 400 MHz) !:  3.3 (br, CH3O); 3.5-3.7 (br, CH2O); 4.0 (br, 

CH2CF2O). UV-vis (MeOH, c = 0.1 mg/mL): "max = 520 nm. TEM: xm = 5.0 nm; # =  1.2 nm; n = 

512. TGA: 34.71%. Average composition: Au4500(S-F8-PEG)450.

10-Methoxy-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecan-1-ol[6] (79) 

HO

FF FF FF FF

FFFFFFFF

O

 

To a suspension of NaH (18 mg, 0.78 $ 10-3 mol) in dry tetrahydrofuran (3 mL) a solution of 

2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecan-1,10-diol 68  (300 mg, 0.65  $ 10-3 mol) in dry 

tetrahydrofuran (2 mL) was added under argon  atmosphere. Then iodomethane (49 %L, 0.78 $ 

10-3 mol) was added dropwise at  0°C. The mixture was stirred at room temperature overnight, 

then it  was diluted with water (15 mL). The acqueous phase was extracted with dichloromethane 

(3 $ 15 mL); the organic layers were collected, washed with  water (2 $ 20 mL) and dried over 

anhydrous Na2SO4. The crude product was purified by flash chromatography using a gradient 

from ethyl acetate/petroleum ether 2/8 to 4/6. 90 mg of compound 79 were obtained as a white 

solid. Yield: 29%. 1H-NMR (400 MHz, CDCl3)  !: 3.51 (s, 3H, CH3O), 3.88 (t, 2H, CF2CH2OMe; 

JH-F = 13.91), 4.08 (t, 2H, CF2CH2OH, JH-F =  14.40). MS-ESI (CH3OH) m/z: 475.0 [M - H]-. m.p. 

= 130-135 °C.  

S-10-Methoxy-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecyl ethanthioate[3] (80)   

 

S

FF FF FF FF

FFFFFFFF

O

O

 

To a solution of 10-methoxy-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecan-1-ol 79, 

previously coevaporated with dry toluene in  order to remove traces of water (180 mg, 0.378 $ 

10-3 mol) in dry dichloromethane (3  mL), trifluoromethanesulfonyl  chloride (0.13 mL, 1.21 $ 10-3 

mol) was added dropwise under argon atmosphere. The mixture was then cooled to 0 °C and 
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triethylamine (0.42 mL, 3.02 ! 10-3 mol) was added dropwise; a pale yellow precipitate was 

observed. The mixture was left to stir at  room temperature for 17 h. Another portion of 

trifluoromethanesulfonyl chloride (0.08 mL, 0.756 ! 10-3 mol) and triethylamine (0.21 mL, 1.51 ! 

10-3 mol) was added at 0 °C and the mixture was left to stir at room temperature for 2 h. The 

precipitate was then filtered off, the solvent  was removed under reduced pressure under argon 

atmosphere and the residue was redissolved in dry N,N’-dimethylformamide (5 mL) under argon 

atmosphere. Potassium thioacetate (86 mg, 0.756 ! 10-3 mol) was added to the solution; the 

mixture was protected from light and stirred at room temperature for 4 h. Then, ethyl acetate (30 

mL) and water (30 mL) were added, and the phases were separated. The acqueous phase was 

extracted with ethyl acetate (5 ! 15 mL); the organic layer was washed with water (5 ! 15 mL) 

and brine (15 mL) and dried with anhydrous Na2SO4. After solvent  removal, the crude product 

was purified by flash chromatography (gradient  from chloroform to chloroform/methanol 

99.5/0.5) to yield 116 mg of compound 80 as a yellow oil. Yield: 57%. 1H-NMR (500 MHz, 

CDCl3) ":  2.43 (s, 3H, CH3C=O); 3.51 (s, 3H, CH3O); 3.63 (t, 2H, CF2CH2S; JH-F  =  17.38); 3.88 

(t, 2H, CF2CH2O; JH-F =   13.94). 13C-NMR (67.8 MHz, CDCl3) ": 29.41 (t, SCH2CF2, JC-F = 

24.06); 30.21 (CH3C=O); 60.79  (CH3O); 69.50 (t, CF2CH2O, J = 25.39); 106.4-120.1 (m, CF2). 

IR (film) !-1: 2944 (m), 1718 (s), 1461 (m), 1359 (m), 1210 (s), 1146 (s), 964 (m), 862 (m). MS-

ESI (CH3OH) m/z: 519.0 [M – CH3]-, 553.6 [M + H2O]+, 556.6 [M + Na]+. 

10-Methoxy-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecan-1-thiol[3] (77) 

HS

FF FF FF FF

FFFFFFFF

O

 

To a solution of S-10-methoxy-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecyl ethanthioate 80 

(85 mg, 0.159 ! 10-3 mol) in  deoxygenated dry dichloromethane (10 mL) and methanol  (5.8 mL, 

143 ! 10-3 mol), acetyl chloride (3.91 mL, 55 ! 10-3 mol) was added  dropwise at 0 °C, under 

argon atmosphere. The mixture was stirred overnight at  room temperature, then another two 

portions of acetyl chloride (3.91  mL each) were added at  0  °C over 10 h and the mixture was left 

to  stir overnight. Dichloromethane (10 mL) and water (10 mL) were then added; the phases were 

separated and the acqueous phase was extracted with dichloromethane (3 ! 20 mL). The 

combined organic layers were washed with water (3 ! 20 mL) and dried  over anhydrous Na2SO4. 
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The solvent was removed under reduced pressure to give 67 mg of compound 77  as a yellow oil. 

Yield:  86%. 1H-NMR (400 MHz, CDCl3) !: 1.72 (t, 1H, SH, J = 9.04); 3.13 (ddt, 2H, CH2S; JH-F 

=  16.64; JH-H = 9.06); 3.52 (s, 3H, CH3O); 3.89 (t, 2H, OCH2CF2; JH-F =  13.97). 13C-NMR (100 

MHz, CDCl3) !: 25.87 (t, CF2CH2S; JC-F =  25.85); 60.85 (CH3O); 69.44 (t, CF2CH2O; JC-F = 

25.27); 107.1-118.2 (m, CF2). MS-ESI (CH3OH) m/z:  451.0 [M – 2F]-, 471.0 [M – F]-, 491.0 [M – 

H]-. 

2-Methoxy-1-ethyl-para-toluenesulfonate[2] (82) 

S
O

O

O

O

To a solution of 4-toluenesulfonyl chloride (3.50 g, 18.36 " 10-3 mol) in dry dichloromethane 

(7.36 mL) a solution of 2-methoxy ethanol 81 (1.00 g, 13.14 " 10-3 mol) and triethylamine (3.66 

mL, 26.28 " 10-3 mol) in dry  dichloromethane (2.74 mL) was added dropwise at  0 °C under argon 

atmosphere in a 50 mL round bottom flask; a white precipitate was observed. The mixture was left 

to  stir at room temperature for 16 h and then it was poured into water (15 mL). The solution was 

extracted with dichloromethane (3 " 15 mL); the organic layer was washed with HCl 6M (15 

mL), NaHCO3 5% (15 mL), water (20 mL) and then dried over anhydrous Na2SO4. The crude 

product was purified by flash chromatography using a gradient  from ethyl acetate/petroleum ether 

4/6 to  6/4. The solvent was removed under reduced pressure to yield 2.36 g of compound 82 as a 

pale yellow oil. Yield: 78 %. 1H-NMR (400 MHz, CDCl3)  !:  2.44 (s, 3H, CH3Ph); 3.30 (s, 3H, 

CH3O); 3.55 (t, 2H, CH2O; J = 4.66); 4.14 (t, 2H, CH2O, J = 4.66); 7.32 (d, 2H, Ar; J =  8.09); 

7.79 (d, 2H, Ar, J = 8.21). 13C-NMR (100 MHz, CDCl3) !: 21.71 (CH3Ph); 59.07 (CH3O); 69.18 

(CH2O); 69.97 (CH2O); 128.02, 129.90, 133, 144.93 (C-Ar). MS-ESI (CH3OH) m/z: 253.0 [M + 

Na]+.

10-(2-Methoxyethoxy)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecan-1-ol[3] (83) 

 

O

FF

FF

FFFFFF

HO

FFFFFF

O
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In a 100 mL round-bottom flask to a solution of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-

hexadecafluorodecane-1,10-diol 68 (1.76 g, 3.81 ! 10-3 mol) in  dry dioxane (8 mL) a solution of 

2-methoxy-1-ethyl-para-toluenesulfonate 82 (790 mg, 3.43 ! 10-3 mol) in dry dioxane (4  mL) and 

KOH powder (192 mg, 3.43 ! 10-3 mol) were added under argon atmosphere. The mixture was 

heated at reflux for 17 h and then cooled down at room temperature; the mixture was diluted with 

ethyl acetate (15 mL) and water (15 mL); the two phases were separated and the acqueous phase 

was extracted with ethyl  acetate (4 ! 20 mL). The organic layer was then washed with water (20 

mL) and brine (20 mL) and it was dried over anhydrous Na2SO4. After solvent removal, the crude 

product was purified by flash chromatography (gradient from dichloromethane/methanol 99.5/0.5 

to  dichloromethane/methanol 97.5/2.5) to yield 655 mg of the compound 83 as a clear oil. 

Conversion: 44%. Yield: 76%. 1H-NMR (270 MHz, CDCl3) ":  3.39 (s, 3H, CH3O); 3.55 (m, 2H, 

CH2O); 3.76 (m, 2H, CH2O); 4.03 (m, 4H, OCH2CF2). 13C-NMR (67.8 MHz, CDCl3) ": 59.22 

(CH3O); 60.75 (t, CF2CH2OH; JC-F =  25.74); 68.44 (t, CF2CH2O; JC-F = 25.24); 72.08, 72.43 

(CH2O); 106.06-122.81 (m, CF2). MS-ESI (CH3OH) m/z: 479.0 [M - K]-, 505.2 [M - CH3]-, 519.0 

[M - H]-.  

S-10-(2-Methoxyethoxy)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecyl  ethanethioate[3]

(84)   

O

FF

FF
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S

FFFFFF

O

O

To a solution of 10-(2-methoxyethoxy)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecan-1-ol 

83 previously coevaporated with dry toluene in order to remove traces of water (687 mg, 1.32 ! 

10-3 mol), in dry  dichloromethane (6 mL), trifluoromethanesulfonyl chloride (0.45 mL, 4.22 ! 

10-3 mol) was added dropwise under argon atmosphere. The mixture was then cooled to 0 °C and 

a solution of triethylamine (1.47 mL, 10.56 ! 10-3 mol) in dry dichloromethane (2.26 mL) was 

added dropwise; a pale yellow precipitate was observed. The mixture was left to stir at room 

temperature for 17 h. Another portion of trifluoromethanesulfonyl chloride (0.28 mL, 2.64 ! 10-3 

mol) and triethylamine (0.74 mL, 5.28 ! 10-3 mol) was added at 0  °C and the mixture was left to 

stir at  room temperature for 2 h. The precipitate was then filtered off, the solvent was removed 

under reduced pressure and under argon atmosphere and the residue was redissolved in dry N,N’-

dimethylformamide (8 mL) under argon atmosphere. Potassium thioacetate (302 mg, 2.64 ! 10-3 
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mol) was added to the solution; the mixture was protected from light  and stirred at room 

temperature for 4 h. Then, ethyl acetate (30 mL) and water (30 mL) were added, and the phases 

were separated. The acqueous phase was extracted with ethyl acetate (5 ! 20 mL); the organic 

layer was washed with water (5 ! 20 mL) and brine (20 mL) and dried over anhydrous Na2SO4. 

After solvent removal, the crude product was purified by flash chromatography (gradient from 

chloroform to chloroform/methanol 99.5/0.5) to yield 630 mg of compound 84 as a yellow oil. 

Yield:  83%. 1H-NMR (500 MHz, CDCl3) ":  2.43 (s, 3H, CH3C=O); 3.38 (s, 3H, CH3O); 3.56 (m, 

2H, CH2O); 3.64 (t, 2H, CH2S; JH-F =   17.35); 3.78 (m, 2H, CH2O); 4.03 (t, 2H, OCH2CF2; JH-F = 

14.07). 13C-NMR (100 MHz, CDCl3) " : 29.40 (t, SCH2CF2; JC-F =  24.07); 30.15 (CH3C=O); 

59.18 (CH3O); 68.43 (t, CF2CH2O; JC-F= 25.26); 72.08, 72.44 (CH2O); 106.41-120.15 (m, CF2); 

192.20 (C=O). IR (film) !-1:  2936 (m), 1717 (s), 1459 (m), 1361 (m), 1210 (s), 1146 (s), 959 (m), 

858 (m). MS-ESI (CH3OH) m/z: 601.2 [M + Na]+.

10-(2-Methoxyethoxy)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecan-1-thiol[3] (78)  

  

O
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To a solution  of S-10-(2-methoxyethoxy)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecyl 

ethanethioate 84 (120 mg, 0.208 ! 10-3 mol) in deoxygenated dry dichloromethane (12  mL) and 

methanol (7.60 mL, 187.2 ! 10-3 mol), acetyl  chloride (5.10 mL, 71.55 ! 10-3 mol) was added 

dropwise at 0 °C, under argon atmosphere. The mixture was stirred  overnight at room 

temperature, then another two portions of acetyl chloride (5.10 mL each) were added at 0 °C over 

10  h and the mixture was left to stir overnight. Dichloromethane (15 mL) and water (15 mL) were 

then added; the phases were separated and the acqueous phase was extracted  with 

dichloromethane (3 ! 15 mL). The combined organic layers were washed with water (3 ! 15 mL) 

and dried over anhydrous Na2SO4. The solvent was removed under reduced pressure to give 111 

mg of compound 78 as a yellow oil, in quantitative yield. 1H-NMR (500 MHz, CDCl3) ": 1.74 (t, 

1H, SH; J = 9.04); 3.15 (ddt, 2H, CH2S; JH-F =  16.62, JH-H = 9.05); 3.38 (s, 3H, CH3O); 3.56 (m, 

2H, CH2O); 3.78 (m, 2H, CH2O); 4.03 (t, 2H, OCH2CF2; J = 14.07). 13C-NMR (100 MHz, 

CDCl3) ": 25.87 (t, SCH2CF2; JC-F =  25.87); 59.30 (CH3O); 68.44 (t, CF2CH2O; J C-F = 25.05); 

72.09, 72.46 (CH2O); 106.51-118.13 (m, CF2). MS-ESI (CH3OH) m/z: 536.27 [M + Na]+.
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Synthesis of T-Glyco short-chain (88)   
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In a 5 mL round-bottom flask 10 mg (0.01  ! 10-3 mol) of AcS-Glyco 86 were dissolved in 160 "L 

of deoxygenated dry  methanol under argon atmosphere. 60 "L of 0.5 M sodium methoxide were 

then added and the reaction mixture was left to stir for 1 hour. The pH was  adjusted to 7.00 with 

DOWEX DR-2030 resin and the product was dried under reduced pressure and stored under 

argon atmosphere. Quantitative yield. 1H-NMR (400 MHz, CD3OD) # : 1.25-1.70 (m, 26H, CH2 

chain); 1.89-1.94 (m, 2H, H-2, H-2’); 2.16 (t, 2H, CH2CONH, J = 7.44); 2.49 (t, 2H, CH2SH, J = 

7.14); 2.96-3.04 (m, 2H, H-1’a, H-1’b); 3.16 (t, 2H, CH2NH, J = 7.02); 3.48-3.79 (m, 8H, H-d, 

H-6, H-7, H-7’, H-f, H-f’, CH2x); 3.93-3.95 (m, 1H, H-5); 4.01-4.05 (m, 2H, H-e, H-4); 4.12-4.17 

(m, 1H, H-3); 4.92 (s, 1H, H-a). 

Synthesis of T-Glyco long-chain (89)  
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In a 5 mL round-bottom flask 4.8 mg (0.0049 ! 10-3 mol) of AcS-Glyco long-chain 87  were 

dissolved  in 200 "L of deoxygenated dry methanol and 20 "L of deoxygenated chloroform (over 

K2CO3), under argon atmosphere. 15 "L of 0.5M sodium methoxide were then added. After 15 

minutes, 100 "L of deoxygenated dry methanol and 10 "L of deoxygenated chloroform (over 

K2CO3) were added in order to compensate for the solvent evaporation due to argon flow. The 

reaction mixture was left  to stir for 1 hour and 30 minutes. The pH was adjusted to 6.00-7.00 with 

DOWEX DR-2030 resin and the product was dried under reduced pressure and stored under 
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argon atmosphere. Quantitative yield. 1H-NMR (500 MHz, CD3OD:CDCl3 =  10:1) ! : 1.20-1.80 

(m, 38H, CH2 chain); 1.89-1.94 (m, 2H, H-2, H-2’); 2.15 (m, 6H, CH2CONH); 2.49 (t, 2H, 

CH2SH, J  =  7.13); 2.97-3.03 (m, 2H, H-1’a, H-1’b); 3.16 (t, 6H, CH2NH, J = 6.57); 3.48-3.79 (m, 

8H, H-d, H-6, H-7, H-7’, H-f, H-f’, CH2x); 3.93-3.95 (m, 1H, H-5); 4.01-4.05 (m, 2H, H-e, H-4); 

4.12-4.17 (m, 1H, H-3); 4.97 (s, 1H, H-a).  

Synthesis of 2 nm MPC-C11-EG4[7] (8) 

S O
O

OH
4 3
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In a 500 mL round-bottom flask  109 mg (0.277 " 10-3 mol) of HAuCl4
.3H2O were dissolved in a 

mixture of 158 mL deoxygenated dry 2-propanol and 1.58 mL acetic acid, under argon 

atmosphere. A solution of 63 mg of HS-C11-EG4 6  (0.166 " 10-3 mol) in 3 mL of deoxygenated 

dry 2-propanol was added under vigorous stirring and the reaction mixture turns to shiny yellow. 

The mixture was left to stir for 30 minutes, then it was cooled to 0  °C with a water-ice bath and 

the gold salt was reduced by rapid addition of a cool freshly prepared solution of NaBH4 powder 

(346 mg, 9.14  " 10-3 mol) in  18 mL of deoxygenated dry methanol, with  a dropping funnel, in 10 

seconds. The reaction mixture turned from yellow to dark brown immediately  indicating the 

clusters formation. After further stirring for 30 minutes at 0 °C and 3 hours and 30 minutes at 

room temperature the solution was concentrated under reduced pressure and the nanoparticles 

were precipitated by pouring the reaction mixture into hexane (200 mL) at  0 °C. The supernatant 

solution  was decanted and the solid product was dissolved in 4 mL of methanol  and transferred in 

2 centrifuge tubes, where it was dried under a mild argon flow. The nanoparticles were purified by 

centrifugation (10 minutes, 4000 rpm, 20 °C) with diethyl ether (3 " 25  mL) and ethyl acetate (1 

" 25 mL) followed by decanting of the supernatant solution. The nanoparticles were further 

purified by gel permeation chromatography (SephadexTM LH-20, methanol). 35 mg of 

nanoparticles 8  as deep brown solid were obtained. 1H-NMR (500 MHz, CD3OD) !: 1.1-1.7 (br, 

CH2); 3.4-3.8 (br, CH2O). UV-vis (MeOH, c = 0.1 mg/mL): monotonic decay from 200 nm.    
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Synthesis of 5 nm MPC-C11-EG4[7] (7)  
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In a 250 mL round bottom flask 12.7  mL of a 3 ! 10-2 M acqueous solution of HAuCl4.3H2O (150 

mg, 0.38 ! 10-3 mol) were mixed with 33.4 mL of a 5  ! 10-2 M solution of tetraoctylammonium 

bromide (914 mg, 1.672 ! 10-3 mol) in toluene. The two-phase mixture was stirred vigorously 

until all tetrachloroaurate had transferred into the organic layer to give a deep orange solution (30 

minutes), and then 10.6 mL of a freshly prepared 0.4 M acqueous NaBH4 solution (0.159 mg, 

4.22 ! 10-3 mol) were slowly added dropwise in  1 hour keeping the reaction mixture at room 

temperature, under vigorous stirring. The organic phase turned from orange to yellow to wine-red. 

The mixture was stirred for 2 hours, then the acqueous phase was extracted with toluene (4 ! 20 

mL). The organic layers were collected and dried over anhydrous Na2SO4, then the solution was 

diluted with 261.5 mL of toluene giving a solution of ca. 400 mg Au dm-3 in  a 500 mL round-

bottom flask. 94 mg (0.247 ! 10-3 mol) of HS-C11-EG4 6  in 37.6 mL of 2-propanol were then 

added, and the mixture was left to stir for 3  hours under vigorous stirring. About 100 mL of water 

were then added, and the organic layer was extracted in a separating funnel with vigorous 

shaking: the organic phase faded (but not completely) while the acqueous phase turned from 

colourless to purple. This indicates rapid transfer of the clusters to  the acqueous phase. The phases 

were separated and  about 100 mL of water were added to the organic layer. The biphasic system 

was left at 4 °C overnight, then the layers were separated; the acqueous layers were collected, 

washed with  diethyl  ether (3 ! 20 mL), and dried under reduced pressure without exceeding 40 

°C. The purple solid was dissolved in 4 mL of methanol and transferred in 2 centrifuge tubes, 

where it was dried under a mild argon flow. The nanoparticles were purified by centrifugation (10 

minutes, 4000 rpm, 20 °C) with  diethyl ether (3 ! 30 mL) followed by decanting of the 

supernatant solution. The nanoparticles were further purified by gel permeation chromatography 

(SephadexTM LH-20, methanol). 65  mg of nanoparticles 7 as golden-purple solid were obtained. 

1H-NMR (500 MHz, CD3OD) " : 1.1-1.7 (br, CH2);  3.3-3.9 (br, CH2O). UV-vis (MeOH, c = 0.1 

mg/mL): #max = 521 nm.  
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Synthesis of 2 nm MMPC-C11-EG4/C12 2/1 via ligand-exchange reaction (94)  
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5.6 mg of small MPC-C11-EG4 8 were dissolved in 1.5 mL of deoxygenated dry ethanol under 

argon atmosphere and the solution was left  30 minutes at 28  °C; then 0.6  mL of a 1  mg/mL 

solution  of 1-dodecanethiol in  deoxygenated dry ethanol  were added. The reaction mixture was 

left at 28 °C under argon atmosphere for 3 days. After incubation partial precipitation of the 

nanoparticles was observed. The nanoparticles were dried under reduced pressure, then the dark 

solid was dissolved in 4 mL of chloroform and transferred in  two centrifuge tubes were it  was 

dried with a soft  argon flux. The nanoparticles were purified by centrifugation (10 minutes, 4000 

rpm, 20° C) with diethyl  ether (3 ! 15 mL) and ethanol (1 ! 15 mL) followed by decanting of the 

supernatant solution. 5.0 mg of nanoparticles 94 as dark brown solid were obtained. The 

nanoparticles became partially soluble in chloroform and were no  more completely soluble in 

methanol. 

Synthesis of 2 nm MMPC-C11-EG4/Glyco short-chain 2/1 via ligand-exchange reaction (95) 
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21.0 mg of MPC-C11-EG4 8 were dissolved in a deoxygenated mixture of dry methanol (3.0 mL) 

and ethanol (1.0 mL), under argon atmosphere and the solution was left 30 minutes at 35 °C; then 

a solution of T-Glyco short-chain  88 (0.01 ! 10-3 mol) in  a deoxygenated mixture of dry methanol 

(1 mL) and a drop of ethanol was added. The reaction mixture was left at 35 °C under argon 

atmosphere for 72 hours, then the nanoparticles were dried  under reduced pressure. The dark solid 
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was dissolved in 4 mL of methanol and transferred in a centrifuge tube were it was dried with a 

soft argon flux. The nanoparticles were purified by centrifugation (10 minutes, 4000 rpm, 20 °C) 

with  diethyl ether (3 ! 15 mL) followed by decanting of the supernatant solution. 14 mg of 

nanoparticles 95 as dark brown solid were obtained. 1H-NMR (500 MHz, CD3OD) ": 1.1-1.7 (br, 

CH2 chains); 1.9-2.0 (br, H-2); 2.1-2.2 (br, CH2CONH); 2.9-3.1 (br, H-1’); 3.1-3.2 (br, CH2N); 

3.4-4.3 (br, CH2O + H-d, H-6,H-7, H-7’, H-f, H-f’, CH2x, H-5, H-e, H-4, H-3); 4.95 (br, H-a) 

(Figure 4.4). UV-vis (MeOH, c = 0.1 mg/mL): monotonic decay from 200 nm. TEM: xm =  2.1 

nm; # = 0.7 nm; n = 524. TGA: 39.97%. Average composition: Au314(S-C11-EG4)60(Glyco)30. 

Synthesis of 5 nm MMPC-C11-EG4/Glyco short-chain 2/1 via ligand-exchange reaction (96) 
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30.0 mg of big MPC-C11-EG4 7  were dissolved in a deoxygenated mixture of dry methanol (5.0 

mL) and ethanol (1.2 mL), under argon atmosphere and the solution was left  30 minutes at 35 °C; 

then a solution of T-Glyco short-chain 88 (0.0065 ! 10-3 mol) in a deoxygenated  mixture of dry 

methanol (0.7 mL) and ethanol (0.3 mL) was added. The reaction mixture was left at 35 °C under 

argon atmosphere for 72 hours, then the nanoparticles were dried under reduced pressure. The 

dark solid was dissolved in 4 mL of methanol and transferred in a centrifuge tube were it was 

dried with a soft  argon flux. The nanoparticles were purified by centrifugation (10 minutes, 4000 

rpm, 20 °C) with  diethyl ether (3 ! 35 mL) followed by decanting of the supernatant solution. 21 

mg of nanoparticles 96 as golden-purple solid were obtained. 1H-NMR (500 MHz, CD3OD) ": 

1.1-1.7 (br, CH2 chains); 1.9-2.0 (br, H-2, H-2’); 2.1-2.2 (br, CH2CONH); 2.9-3.1 (br, H-1’a, 

H-1’b); 3.1-3.2 (br, CH2NH); 3.4-4.3 (br, CH2O + H-d, H-6, H-7, H-7’, H-f, H-f’, CH2x, H-5, H-e, 

H-4, H-3); 4.95 (br, H-a) (Figure 4.5). UV-vis (MeOH, c = 0.1 mg/mL): $max = 521 nm. TEM: xm 

= 5.7 nm; # =  1.2 nm; n = 237. TGA: 27.09 %. Average composition: Au6266(S-C11-

EG4)601(Glyco)300.
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Heat-induced size evolution of 3 nm MPC-C11-EG4[8, 9] (98)
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10 mg of 3 nm MPC-C11-EG4 97 were dissolved in 2  mL of methanol  with 35.8 mg (0.065 ! 10-3 

mol) of tetraoctylammonium bromide, in a 10 mL round-bottom flask. The solvent was 

completely removed in a rotary evaporator at 40  °C and the brown residue was dried in vacuo  at 

30  °C for a day. The solid obtained was heat-treated at 165 °C at a heating rate of 2  °C min-1, and 

held for 30 minutes at this temperature. The purple heat-treated  product was dissolved  in water 

(25 mL) and washed several times with toluene (10 ! 10 mL) to remove tetraoctylammonium 

bromide; the solvent was then removed under reduced pressure without exceeding 40 °C. The 

purple solid  was dissolved in a little amount of methanol and transferred in a centrifuge tube, 

where it was dried under a mild argon flow. The nanoparticles were purified from excess thiol by 

centrifugation (10 minutes, 4000 rpm, 20 °C) with diethyl ether (3 ! 20 mL) followed by 

decanting of the supernatant solution. Nanoparticles 98  as golden-purple solid were obtained. UV-

vis (MeOH): "max = 521 nm. TEM: xm = 7.1 nm; # = 1.2 nm; n = 618.  

Synthesis of MPC-C12[10] (99) 

S

n

Au

 

A 12.4 mg/mL solution of HAuCl4.3H2O in mQ water was prepared dissolving 139.7 mg (0.355 

! 10-3 mol) of gold salt  in 11.3 mL of mQ water into a 100 mL round-bottom flask. A 18.75 mg/

mL solution  of dodecanethiol, prepared with 485.6 mg of tetraoctylammonium bromide (0.825 

! 10-3 mol) in 25.9 mL of toluene was then added. The two-phase mixture was stirred 

vigorously until all tetrachloroaurate had transferred into  the organic layer to give a deep orange 

solution  while the acqueous phase became colourless (15 minutes). The phases were separated 

and 0.256 mL (1.065 ! 10-3 mol) of dodecanethiol were then added to the organic layer; the 

reaction mixture became progressively colourless. The reaction was left to stir 30 minutes at 
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room temperature and additional 30 minutes at 0 °C, then a 15.2 mg/mL solution of NaBH4 

(134.3 mg, 3.55 ! 10-3 mol) in mQ water (8.8 mL) was added in 10 seconds at 0 °C, under 

vigorous stirring. The reaction mixture turned immediately to deep brown. It was left to stir 30 

minutes at 0 °C and 3 hours at  room temperature, then the solvent was removed under reduced 

pressure. The residue was dissolved in 4 mL of dichloromethane and transferred in two 

centrifuge tubes, where it was dried under a mild argon flow. The nanoparticles were purified by 

centrifugation (10 minutes, 4000 rpm, 20° C) with ethanol (7  ! 25 mL) and acetone (7 ! 25 mL) 

followed by  decanting  of the supernatant  solution. 90.6  mg of nanoparticles 99  as dark brown 

solid were obtained. The nanoparticles are soluble in chloroform, dichloromethane, pentane and 

toluene. 1H-NMR (CDCl3, 400 MHz) ": 0.87 (CH3), 1.25 (CH2). UV-vis (CH2Cl2, c =  0.1 mg/

mL): monotonic decay from 200 nm.  

Synthesis of MMPC-C12/Glyco short-chain 3/1 via ligand-exchange reaction (100) 
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30.6 mg of MPC-C12 99  were dissolved in a mixture of deoxygenated dry methanol (3.5 mL) and 

deoxygenated dry  dichloromethane (3.5 mL), under argon atmosphere, and the solution was left 

30  minutes at 35 °C; then a solution  of T-Glyco short-chain 88 (0.012 ! 10-3 mol) dissolved in a 

mixture of deoxygenated dry methanol (1.0  mL) and deoxygenated dry  dichloromethane (1.0 mL) 

was added. Loss of solubility of the clusters occurred immediately after the addition of the 

functional thiol. The reaction mixture was left at 35 °C under argon atmosphere for 72 hours. 

During this time the nanoparticles became progressively more soluble in the reaction media. The 

nanoparticles were then dried under reduced pressure. The nanoparticles obtained were insoluble 

in  water, poorly soluble in  alcohols and mixtures of methanol and dichloromethane; they are 

soluble in diethyl ether and pentane only. 
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Synthesis of 3 nm MMPC-C11-EG4/Glyco long-chain 3/1 via ligand-exchange reaction (101) 
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20 mg of MPC-C11-EG4 97  were dissolved in a 10/1 deoxygenated mixture of dry methanol (3.0 

mL) and chloroform (300 !L), under argon atmosphere, and the solution was left  30 minutes at  35 

°C; then a solution of T-Glyco long-chain 89 (0.0049 " 10-3 mol) in a 10/1 deoxygenated mixture 

of dry methanol (1 mL) and chloroform (100 !L) was added. The reaction mixture was left at 35 

°C under argon atmosphere for 90 hours, then the nanoparticles were transferred in a centrifuge 

tube were they were dried under a mild argon flow. The nanoparticles were purified  by 

centrifugation (10 minutes, 4000 rpm, 20 °C) with diethyl ether (2 " 20 mL) followed by 

decanting of the supernatant solution. The nanoparticles were further purified by gel permeation 

chromatography (SephadexTM G-75, mQ water). 22 mg of nanoparticles 101 as dark brown solid 

were obtained. 1H-NMR (500 MHz, CD3OD:CDCl3 =  10:1) #: 1.0-1.8 (br, CH2 chains); 1.8-2.0 

(br, H-2); 2.1-2.3 (br, CH2CONH); 2.9-3.1 (br, H-1’a, H-1’b); 3.1-3.2 (br, CH2N); 3.3-4.2 (br, 

CH2O +  H-d, H-6,H-7, H-7’, H-f, H-f’, CH2x, H-5, H-e, H-4, H-3); 4.97 (br, H-a) (Figure 4.12). 

UV-vis (MeOH, c =  0.1 mg/mL):  $max = 521 nm. TEM: xm =  2.7 nm; % = 0.4 nm; n =  497. TGA: 

27.60%. Average composition:Au790(S-C11-EG4)90(Glyco)30

Preparation of 13.5 nm gold colloid stock solution[11, 12] 

In a 500 mL round-bottom flask equipped with a condenser, a solution of 84 mg (0.213 " 10-3 

mol) of HAuCl4.3H2O in 213 mL of mQ water was brought to  a rolling boil with  vigorous stirring. 

Rapid addition of 21.3 mL of 38.8 " 10-3 M sodium citrate (0.243 g, 0.826 " 10-3 mol) to the 

vortex of the solution resulted in a color change from pale yellow to burgundy red. Boiling was 

continued for 15 min; the heating mantle was then removed, and stirring was continued for an 

additional 15 min. After the solution reached room temperature, it was stored at 4  °C in  a dark 
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glass bottle. UV-vis: !max =  520 nm (A520 nm = 3.004). Colloid concentration of the stock solution: 

0.1196 " 10-7 M.  

Stabilization of 13.5 nm gold colloids with dipotassium bis (p-sulphonatophenyl) 

phenylphosphine dihydrate[13] 

For a typical reaction, 5.90 mL of citrate-stabilized gold colloid stock solution were diluted to a 

final  volume of 25 mL with mQ water (colloid concentration of 0.0328 " 10-7 M) and stirred with 

5.0 mg of dipotassium bis(p-sulphonatophenyl) phenylphosphine dihydrate 102 at room 

temperature for 3 days, to protect the NPs surface. The nanocrystals were then precipitated by 

adding solid NaCl  (0.220 g, 3.75 " 10-3 mol) to the reaction mixture until  the color changed from 

burgundy red  to blue. The sample was centrifuged (10 min, 4000 rpm, 20  °C) to pellet  the 

nanocrystals, and the supernatant was removed. The nanocrystals were then redissolved in 25 mL 

total volume of mQ water. The stabilized NPs were stable in  acqueous solution at this 

concentration, at room temperature and in darkness over a period of months. UV-vis: !max =  522 

nm (A522 nm = 0.714). Colloid concentration: 0.0327 " 10-7 M. 

Passivation of 13.5 nm Au colloids with HS-C11-EG4 

6.50 mL of a solution of gold  colloids stabilized by complexation with dipotassium bis(p-

sulphonatophenyl) phenylphosphine dihydrate were incubated at r.t. overnight with 2.125 mL of 

propan-2-ol, 875 #L of a 8 " 10-4 M solution of HS-C11-EG4 6 in deoxygenated propan-2-ol and 

500 #L of mQ water, in darkness. The nanocrystals were then centrifuged (40 min, 15000 rpm, r. 

t.) and the supernatant was removed prior to resuspension of the burgundy-red precipitate to 

initial volume with mQ water; then the washing cycle was repeated. The Au colloids were 

resuspended in 10 mL of mQ water and liophilized; the black solid was then stored at  4°C. UV-

vis: !max = 524 nm (A524 nm = 0.247). Colloid concentration: 0.0113 " 10-7 M. 
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Passivation of 13.5 nm gold colloid with HS-C11-EG4/Glyco long-chain 1/1 

6.5 mL of a solution of gold colloids stabilized by complexation with dipotassium bis(p-

sulphonatophenyl) phenylphosphine dihydrate were incubated at r.t. 1 week with  a solution 

containing 2.2 mL of a 10/1 deoxygenated mixture of methanol/chloroform, 450 !L of a 8 " 10-4 

M solution of HS-C11-EG4 6 in deoxygenated methanol, 350 !L of a 1 " 10-3 M solution of T-

Glyco long-chain  89 in a 10/1 deoxygenated mixture of methanol/chloroform, and 500 !L of mQ 

water, in darkness and under argon atmosphere. Loss of solubility of the colloids occurred, with 

the formation of pink flakes. The nanocrystals were then centrifuged (40 minutes, 15000 rpm, r. t.) 

and the supernatant was removed prior to resuspension of the burgundy-red precipitate to initial 

volume with mQ water; then the washing cycle was repeated. The Au colloids were resuspended 

in  10 mL of mQ water; a gentle heating is required to  solubilize whole material. The obtained 

colloids were stored in acqueous solution at 4 °C, in darkness. UV-vis: #max = 530 nm (A530 nm = 

0.304). TEM: xm = 13.5 nm; $ = 1.4 nm; n = 549. Colloid concentration: 0.0136 " 10-7 M. 
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