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<<Je suis de ceux qui pensent que la science 

a une grande beauté. Un savant dans son 

laboratoire n'est pas seulement un 

technicien : c'est aussi un enfant en face de 

phénomènes naturels qui l'impressionnent 

comme un conte de fées.>>  

•                           
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Nanoparticules d'or: fonctionnalisations et applications vers 

la nanomédecine et les nanomatériaux 

 

Résumé: 

La thèse a été consacrée à la synthèse, fonctionnalisations et application bimédicales et pour les 

matériaux de nouvelles nanoparticules d’or. Le manuscrit comporte d’abord des contributions 

substancielles à leur étude bibliographique ainsi quà la vectorisation du docétaxel. Sur le plan 

expérimental, des nanoparticules d’or fonctionnelles ont été synthétisées avec pour objectif 

l’élaboration de nanomatériaux pour applications biomédicales et propriétés physiques originales. 

L’étude de la fonctionnalisation a conduit à utiliser la chimie “click” entre des nanoparticules d’or 

portant des ligands thiolates azoturés et des alcynes terminaux en utilisant un catalyseur au cuivre 

(I) dont le centre métallique est stabilisé et électroniquement enrichi par un ligand tétra-azoté, ce 

qui a permis d’introduire des fonctions très variées. En particulier le récepteur folate a été greffé 

de façon covalente pour la synthèse de nouveaux vecteurs du docétaxel, un puissant agent 

anti-cancéreux dont l’étude in vitro vis-à-vis de cellules cancéreuses est menée en collaboration 

par les laboratoires de l’ Institut Bergonié de Bordeaux et la Faculté de Pharmacie de 

Chatenay-Malabry. Des nanoparticules d’or fonctionnelles ont aussi servi de support pour le 

greffage de complexes du fer (II) à transition de spin, ce qui a permis de réaliser l’étude en 2D par 

différentes techniques physiques en collaboration avec l’équipe d’Azzedine Bousseksou à 

Toulouse. Enfin les nanoparticules d’or ont servi de templates pour l’encapsulation de vitamines 

variées et un nouveau ligand azoté a été mis au point pour la synthèse de nanoparticules d’or 

originales avec diverses applications en synthèse de nanomtériaux et reconnaissance moléculaire 

(ATP et vitamine C). 

 

 

Gold Nanoparticles : Functionalizations and Applications in 

Nanomedicine and Nanomaterials  

 

Abstract 

The thesis was devoted to the synthesis, functionalization and biomedical application for gold 

nanoparticles. The first chapter of this manuscript includes the contributions to the literature 

review of gold nanoparticles and the vectorization of docetaxel. Experimentally, functional gold 

nanoparticles were synthesized with the aim of developing nanomaterials for biomedical 

applications and original physical properties. The study of functionalization by "click" was carried 

out between gold nanoparticles with thiolate ligands azides and terminal alkynes using a copper 

catalyst (I). The metal center of the catalyst is electronically stabilized and enriched by a 
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tetra-nitrogen ligand, which has introduced a variety of functions of gold nanoparticles. In 

particular, the folate receptor was covalently introduced to for vectorizing docetaxel, a potent 

anticancer agent whose in vitro study on cancer cells is conducted in collaboration with the 

laboratories of the Bergonie Institute of Bordeaux and the Faculty of Pharmacy of 

Chatenay-Malabry. Functional gold nanoparticles have also served as a support for grafting 

complex of iron (II) spin transition, which helped conduct the study in 2D by various physical 

techniques in collaboration with the team Azzedine Bousseksou in Toulouse. Finally the gold 

nanoparticles were used as templates for encapsulation of various vitamins and a new nitrogen 

ligand has been developed for the synthesis of gold nanoparticles with various original synthetic 

applications of molecular recognition and nanomaterials (ATP and vitamin C). 

Keywords: Gold nanoparticles, Docetaxel, Vitamins, Biosensors, Catalyst, Nanomedicine 
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Introduction générale - General Introduction  

Les nanoparticules d’or (AuNPs) ont suscité de tous temps beaucoup d’intérêt et de 
curiosité, et les recherches dans ce domaine se considérablement accélérées durant ces 
dernières années en raison de leurs applications en optique (liées à leur absorption 
plasmonique), catalyse et nanomédecine (diagnostic et thérapie)1. La chimie se situe 
au cœur de ce domaine car l’ingénierie qui préside à la mise en place d’applications 
est entre les mains des chimistes. C’est pourquoi cette thèse est consacrée à de 
nouvelles stratégies de synthèses et de fonctionnalisations des AuNPs dans la 
perspective d’applications en nanomédecine2 (vectorisation) et dans le champ des 
matériaux (transition de spin3). On peut d’ailleurs aussi envisager que ces travaux de 
thèse sur l’ingénierie des AuNPs trouveront encore d’autres applications (optique, 
diagnostic, capteurs, catalyse; voir la conclusion et les perspectives). 
 
Le premier chapitre, bibliographique, comprend deux mises au point substantielles: 
l’une, soumise à publication, sur les différentes approches de synthèse des AuNPs, 
l’autre, publiée à ChemMedChem4, sur la vectorisation du docétaxel, un puissant 
anticancéreux de la famille des taxanes découvert et mis en œuvre par Pierre Potier. 
Trois chapitres expérimentaux suivent. 
 
Le deuxième chapitre concerne l’amélioration de la fonctionnalisation des AuNPs par 
catalyse par un nouveau complexe du cuivre (I) de la principale réaction dite “click”, 
c’est-à-dire de la réaction de Huisgen entre un alcyne terminal et un azoture5. Ce 
nouveau catalyseur permet de diminuer de façon considérable la quantité de Cu(I) mis 
en jeu, d’éviter l’agrégation des AuNPs et est appliqué ici à des fonctionnalisation très 
variées.6 
 
Le troisième chapitre décrit la fonctionnalisation de façon biocompatible (à 
terminaisons polyéthylène glycols) des AuNPs avec pour objectif direct la 
vectorisation dite “active” (c’est-à-dire comportant un récepteur, l’acide folique) du 
docétaxel vers des cellules cancéreuses2,4. Cette vectorisation “active” s’ajoute à la 
vectorisation dite “passive” (moins spécifique) procurée par l’effet de perméabilité 
accrue des micro vaisseaux formés dans les tissues cancéreux qui attirent 
préférentiellement les polyéthylène glycols.2, 7 
 
Le quatrième chapitre concerne la fixation de complexes du Fe(II) à transition de 
spin3 (entre l’état bas spin 0 à basse température (T) et l’état haut spin 2 à haute T) sur 
des AuNPs afin d’assurer la formation d’un réseau induisant une coopérativité 
responsable d’une hystérésis (matériaux à mémoire) entre la structure électronique 
moléculaire et ce réseau organisé. L’équipe d’Azzedine Bousseksou au LCC de 
Toulouse a utilisé la spectroscopie Raman exacerbée par la surface des AuNPs (dite 
SERS, Surface Enhanced Raman Spectroscopy) pour tenter de caractériser la 
transition se spin dans ces matériaux.  
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En fin de mémoire, les “Conclusion et perspectives” résument les avancées de nos 
travaux de thèse sur l’ingéniérie de fonctionnalisation des AuNPs et leurs applications 
potentielles. Les perspectives résident dans les propriétés biomédicales des AuNPs y 
compris les travaux actuels en collaboration sur la vectorisation du docétaxel et, à 
terme, dans les propriétés concernant le diagnostic, la photo thérapie, les capteurs, les 
matériaux à propriétés optiques et la catalyse  

 

English 

Gold nanoparticles (AuNPs) have raised great interest, and research in this area has 
accelerated dramatically in recent years due to their applications in optics (related to 
their plasmon absorption), catalysis and nanomedicine (diagnosis and therapy).1 
Chemistry at the heart of this area treat as engineering who presides over the 
development of applications in the hands of chemists. That is why this thesis is 
devoted to new strategies for synthesis and functionalization of AuNPs with a broad 
applications in nanomedecine2 (vectorization) and in materials fields (spin 
cross-over3). We can also consider that this work on the engineering of AuNPs opens 
other potential applications (optical diagnostics, sensors, catalysis, see the conclusion 
and perspectives). 
 
The first chapter, literature research contains two subsections: the first subject was the 
publication on the different approaches to synthesis of AuNPs, the other one, 
published in ChemMedChem4 was vectorization of docetaxel. Docetaxel is a powerful 
anti-cancer drug of the taxane family discovered and developed by Pierre Potier. 
Three experimental chapters will follow.  
 
The second chapter concerns the improvement of functionalization on AuNPs 
catalyzed by a new complex of copper (I) catalyst for the main reaction called “click”, 
i. e. the Huisgen reaction between a terminal alkyne and azide5. This new catalyst 
reduces significantly the amount of Cu (I) involved, avoid the aggregation of AuNPs 
and yielded a variety of functionalizations.6 
 
The third chapter describes the biocompatible (polyethylene glycol terminated) 
functionalized AuNPs with docetaxel as "active" vectorization (that is to say 
comprising a receptor, folic acid) for cancer cells.2,4  This "active" vectorization 
stands together with the "passive" vectorization (less specific) provided by the 
enhanced permeability and rétention (EPR) effect of micro-vessels formed in 
cancerous tissues that have higher affinity for polyethylene glycols than normal cells 
do.2, 7 
 
The fourth chapter concerns the design of nanodevices involving Fe (II) spin 
cross-over complexes3 (transition between the low spin state 0 at low temperature (T) 
and the high spin state 2 at high T) on AuNPs to ensure formation of a network for 
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inducing cooperativity between the molecular electronic structure and lattice resulting 
in hysteresis (memory materials). The team of Azzedine Bousseksou at LCC in 
Toulouse has used Raman spectroscopy enhanced by the surface of AuNPs (called 
SERS, Surface Enhanced Raman Spectroscopy) in attempts to characterize the spin 
cross-over materials. 
 
At the end of the thesis manuscript, the "Conclusion and Perspectives" section 
summarizes the progress resulting from our thesis work concerning the engineering of 
functionalization of AuNPs and their potential applications. Prospects lie in the 
biomedical properties of AuNPs including current work collaboratively on the 
vectorization of docetaxel and finally on the diagnosis, the photo therapy, sensors, 
optical properties of materials and catalysis. 
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Chapter 1  

Overview on the Preparation of Gold Nanoparticles and 

Nanotechnology on Docetaxel delivery 
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1.1 Introduction 

Two literature reviews are included in this chapter. The first work is the review 
prepared in collaboration with Li Na on the synthesis of AuNPs. AuNPs have attracted 
considerable interest and driven a variety of potential applications in catalysis, biology, 
and optics. Indeed, more than 70 000 publications have appeared on AuNPs up to date. 
In 2004, our group has published a comprehensive review entitled “Gold 
Nanoparticles: Assembly, Supramolecular Chemistry, Quantum-size Related 
Properties, and Applications towards Biology, Catalysis and Nanotechnology” also 
including in its introduction the fascinating historical aspects since antiquity. This 
review was cited more than 4000 times up to now, thus it appeared necessary to write 
a new uptaded review on the synthetic asects including recent improvements which 
have recently been disclosed in the literature on the synthesis of AuNPs of various 
types.  
 
The second review concerns the current docetaxel nanotechnology. Docetaxel has 
gained consideration since it was discovered and developed by Pierre Potier at the 
CNRS in France during his work on the improvements of the production of taxol.  

Compared with other present anticancer drugs, docetaxel has a broad spectrum of 
activity against a variety of tumors. Thus, it is essentiel to concentrate on the 
docetaxel delivery systems in cancer therapy. Otherwise, our group and the group in 
Chatenay-Malabry have collaboration work on prostate cancer therapy. Thus, this 
literature research can also help us to understand the role of AuNPs and docetaxel on 
prostate tumor cells. (see the first part of chapter 3) 
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1.2 State of the Art in Gold Nanoparticle Synthesis 

State of the Art in Gold Nanoparticle Synthesis 

 
Pengxiang Zhao, Na Li, Didier Astruc* 

ISM, Univ. Bordeaux, 351 Cours de la Libération, 33405 Talence Cedex, France.  
E-mail: d.astruc@ism.u-bordeaux1.fr  

Abstract 
General principles and recent developments in the synthesis of gold nanoparticles 
(AuNPs) are reviewed. The “in situ” Turkevitch-Fens and Schiffrin-Brust methods are 
still major synthetic routes, with citrate and thiolate ligands respectively, that have 
been improved and extended to macromolecules including biomacromolecules with a 
large biomedical potential of optical and theranostic applications. Along this line, 
however, recently developed seed-growth methods have allowed a precise control of 
AuNP sizes in a broad range and multiple shapes. AuNPs and core@shell bimetallic 
MAuNPs loosely stabilized by nitrogen and oxygen atoms of embedding polymers 
and dendrimers and composite solid-state materials containing AuNPs with supports 
including oxides, carbons, mesoporous materials and molecular organic frameworks 
(MOFs) have attracted much interest because of their catalytic applications. 
 
Keywords: Gold, nanoparticle, cluster, seed-growth, core@shell, thiol, oxide, 
dendrimer, polymer 
 
Contents 
1. Introduction 
2. In situ syntheses 
2.1. AuNPs stabilized by simple molecules  
2.1.1 Turkevitch method 
2.1.1.1. Citrate as both stabilizing and reducing agent 
2.1.1.2. Citrate as a stabilizing agent only 
2.1.1.3. Reversed addition method 
2.1.2. Brust-Schiffrin method 
2.1.2.1. Synthetic procedure  
2.1.2.2. Purification of precise Au clusters from AuNPs 
 
2.1.2.3. Determination of the number of thiolate ligands  
2.1.2.4. Other sulfur ligands 
2.1.2.5. Methods offunctionalization 
2.1.2.5.1. Reactions of AuNP-citrate with thiols 
2.1.2.5.2. Brust-Schiffrin method with functional thiols 
2.1.2.5.3 Thiolate-thiol ligand substitution reaction 



 

15 

 

2.1.2.5.4. Functionalization of pre-formed AuNPs 
2.1.3. Schmid’s Au55cluster and phosphorus ligands  
2.1.4. Other ligands 
2.2. Macromolecule-stabilized AuNPs 
2.2.1. Polymers 
2.2.2. Dendrimers 
2.3. Surfactants and reverse micelles 
2.3.1. Surfactant-stabilized AuNPs without reverse micelle formation 
2.3.2. Surfactant-stabilized AuNPs with reverse micelle formation 
2.3.3 Polymer reverse micelles 
2.3.4. Liposomes 
2.4. Biosynthesis and “green chemistry”  
2.4.1. Natural-source extracts 
2.4.2. Chitosan  
2.4.3. Microbes 
3. Seed-growth method  
3.1. Principle of the seed-growth method 
3.2. Spherical or quasi-spherical AuNPs 
3.3. Gold nanorods (AuNRs) 
3.4. Other shapes of AuNPs 
4. Other synthetic methods  
4.1. Pulse radiolysis  
4.2. Top-down methods 
4.3. Supported AuNPs  
4.3.1. Oxides  
4.3.2. Carbon  
4.3.3. Mesoporous materials and MOFs  
4.3.3.1. Mesoporous materials 
4.3.3.2. MOFs 
5. Bimetallic AuNPs  
5.1. Core@shell AuNPs 
5.2. Bimetallic alloy AuNPs 
6. Conclusion and outlook  
7. Abbreviations 
 
1. Introduction  
Metal nanoparticles (NPs) have long been considered to disclose unique physical and 
chemical properties different from those of the bulk state or atoms, due to the 
quantum size effect resulting in specific electronic structures.1-7 Gold nanoparticles 
(AuNPs) are probably the most remarkable member of the metal NP groups.8-11 They 
have attracted considerable interest and driven a variety of potential applications in 
catalysis,12-21biology,22-26 and optics.27-29 Indeed, more than 70 000 publications have 
appeared on AuNPs up to date. In 2004, one of us together with M.-C. Daniel 
published a comprehensive review entitled “Gold Nanoparticles: Assembly, 
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Supramolecular Chemistry, Quantum-size Related Properties, and Applications 
towards Biology, Catalysis and Nanotechnology ” also including in its introduction 
the fascinating historical aspects since antiquity. Here we are specifically focusing on 
the principles and most recent improvements disclosed in the literature on the 
synthesis of AuNPs of various types. 
After the seminal report by Faraday in 18578 of the reduction of a tetrachloroaurate 
solution by phosphorous in carbon disulfide (a biphasic reaction), the preparation of 
AuNPs with controlled sizes and shapes has raised increased attention during the 
second half of the XXth century. The breakthroughs have been those by Turkevitch in 
1951 with the citrate method improved by Fens in 1973, then in 1981 with Schmid’s 
report of a Au55-phosphine cluster and the notion of quantum dot, then by Mulvaney 
and Giersing in 1993 with the first synthesis and stabilization of AuNPs by thiolates, 
and finally by the Schiffrin group in 1994 with the report of the illustrious and most 
convenient Brust-Schiffrin biphasic method of thiolate-stabilized 
AuNPs.9Sophistications of these methods during the last decade have now led to 
promising applications. 
AuNPs can be prepared by both “top down” and “bottom up” approaches.  For “top 
down” procedures, a bulk state Au is systematically broken down to generate AuNPs 
of desired dimensions. In this case, particle assembly and formation is controlled by a 
pattern or matrix. However, the “top down “method is limited concerning the control 
of the size and shape of particles as well as further functionalization.30 In contrast, in 
the “bottom up” strategy, the formation of AuNPs originates from individual 
molecules, because it involves a chemical or biological reduction.31This chemical 
reduction method involves two steps: nucleation and successive growth. When the 
nucleation and successive growth are completed in the same process, it is called in 
situ synthesis; otherwise it is called seed-growth method. For the in situ synthesis 
method, we will focus on the preparation of spherical or quasi-spherical AuNPs. For 
the seed-growth method, we will concentrate on the preparation of AuNPs having 
various sizes and shapes. In addition, we will discuss methods of AuNP 
functionalization. This review is not comprehensive, but it is limited to the essential 
and most useful preparation methods of AuNPs and their improvements, in particular 
the most recent development. 
 
2. In situ synthesis  
In general, the preparation of AuNPs by chemical reduction contains two major parts: 
(i) reduction using agents such as borohydrides, aminoboranes, hydrazine, 
formaldehyde, hydroxylamine, saturated and unsaturated alcohols, citric and oxalic 
acids, polyols, sugars, hydrogen peroxide, sulfites, carbon monoxide, hydrogen, 
acetylene, and monoelectronic reducing agents including electron-rich 
transition-metal sandwich complexes; (ii) stabilization by agents such as trisodium 
citrate dehydrate, sulfur ligands, phosphorous ligands, nitrogen-based ligands, 
oxygen-based ligands, dendrimers and polymers. The in situ synthesized AuNPs are 
also used for the seedgrowth or further functionalization. In this section, we will 
review the various in situ methods and their improvements.  
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2.1 AuNPs stabilized by simple molecules  
2.1.1 Turkevitch method 
2.1.1.1. Citrate as both stabilizing and reducing agent 
Among all the in situ syntheses of AuNPs by reduction of HAuCl4, citrate-stabilized 
AuNPs has been regarded as the most popular ones for a long time, since their 
introduction by Turkevitch in 1951.32The synthetic route is shown in Figure 1. The 
HAuCl4 solution is boiled, and the trisodium citrate dihydrate is then quickly added 
under vigorous stirring. After a few minutes, the wine-red colloidal suspension is 
obtained, and the AuNP size is about 20 nm. In 1973, Frens33 reported an 
improvement, i.e. a broad size range of AuNPs (from 15 to 150 nm) was obtained by 
controlling the trisodium citrate to Au ratio. However, particles larger than 20 nm 
were always polydispersed. The histogram of size distribution could be readily 
determined by transmission electron microscopy (TEM).  
 

 
Figure 1. Synthetic route for the Turkevitch method. 
 
 
Recently, several research groups have improved the Turkevitch-Fens method in order 
to promote the convenient use of citrate-stabilized AuNPs. In particular, the 
mechanism of AuNPs formation using this synthetic route has been examined in 
details.34-38Kimiling et al. indicated that a high concentration of citrate more rapidly 
stabilizes the AuNPs of smaller size, whereas a low concentration of citrate leads to 
large-size AuNPs and even to the aggregation of AuNPs.34 Kumar et al. showed the 
variation of AuNPs size with various ratios of initial citrate concentration to 
HAuCl4.

37Peng’s group38 reported that the presence of a citrate salt changes the pH of 
the system and influences the size and size distribution of AuNPs. On this basis, they 
synthesized nearly monodispersed AuNPs with sizes ranging from 20 to 40 nm by 
simply varying the solution pH. Inspired by Peng’s work, other groups considered the 
pH influence on citrate-capped AuNPs.39-42 Other improvements of the Turkevitch 
method, such as controlling the temperature of the process,43 introducing the 
fluorescent light irradiation,44and using high-power ultrasounds45,46were recently 
reported. 
The size of citrate-stabilized AuNPs was always greater than 10 nm, due to the poor 
reducing ability of trisodium citrate dihydrate. An intriguing result about 
citrate-stabilized AuNPs was reported in 2010 by Puntes’s group.47 D2O was used as 
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the solvent instead of H2O during the synthesis of AuNPs. As shown in Figure 2, the 
size of the AuNPs was tailored to 5 nm. It was concluded that D2O increased the 
reducing strength of citrate.  
 

 

 
Figure 2. Optical (UV-vis. spectroscopy) and morphological (TEM) characterization 
of AuNPs synthesized using various solvents: 100% D2O (top), 50% D2O/H2O 
(middle), and 100% H2O (bottom). Inset graphs in TEM images show the size 
distribution measurements of Au NPs. Inset images in UV-vis. spectra show colors of 
AuNPs solutions. These figures are representative of three separated experiments. 
Reprinted with permission from ref 47(Puntes’s group). Copyright 2010 American 
Chmical Society.  
 
 
2.1.1.2. Citrate as a stabilizing agent only 
In general, citrate plays a role not only as a stabilizing agent but also as a reducing 
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agent. As discussed above, due to the poor reducing capacity of trisodium citrate 
dihydrate, the preparation of AuNPs requires a high temperature. Slot discovered a 
new way to prepare AuNPs using a mixture of tannic acid/citrate solution. In this case, 
tannic acid plays the role of a reducing agent instead of citrate, and the AuNPs are 
obtained at 60°C.48Then Natan’s group introduced a method using citrate as a 
stabilized agent only and NaBH4 as a reducing agent.49 The AuNPs were obtained 
upon adding the NaBH4/citrate mixture into the HAuCl4 solution at room temperature. 
With this method, the size of AuNPs is tailored to 6 nm, which compares with sizes 
beyond 20 nm using the traditional Turkevitch method.  
 
2.1.1.3. Reversed addition method 
Very recently, another remarkable modification of the Turkevitch method was 
reported. The experiments involved the reversed order of addition that was conducted 
by adding HAuCl4 to the citrate solution, producing monodispersed AuNPs with small 
size (less than 10 nm).50, 51 
In summary, the size of the citrate-stabilized AuNPs produced by in situ synthesis is 
between 5 nm and 150 nm. When the size is decreased, relatively monodispersed 
AuNPs are obtained, whereas when with the size is increased (especially > 20 nm) 
polydispersed AuNPs are obtained. Citrate-stabilized AuNPs were also used in further 
preparation or functionalization such as ligand substitution reaction and seed-growth. 
 
2.1.2 Brust-Schiffrin method 
2.1.2.1. Synthetic procedure  
Thiolate-stabilized AuNPs were first reported by Mulvaney and Giersig,52 who 
showed the possibility of using alkylthiols with various chain lengths to stabilize the 
AuNPs. The two-phase Brust-Schiffrin method, published in 1994, was the first 
reported method to prepare the thiolate-stabilized AuNPs via in situ synthesis, and has 
therefore met a great success.53 Its high impact is due to (i) facile synthesis in ambient 
condition; (ii) relative high thermal and air stability of the AuNPs prepared in this way; 
(iii) repeated isolation and re-dissolution without aggregation or decomposition; (iv) 
control of the small size (less than 5 nm) with narrow dispersity; (v) relatively easily 
functionalization and modification by ligand substitution. In this Brust-Schiffrin 
procedure, as shown in Figure 3, anionic AuⅢ, in the form of AuCl4

-, is transferred to 
the toluene phase by ion pairing with the lipophilic tetra(octylammonium) cation of 
the phase-transfer agent tetra(octylammonium) bromide (TOAB). Then the freshly 
prepared reducing agent NaBH4 is quickly and dropwise added with vigorously 
stirring in the presence of dodecanethiol. The color changes from orange to deep 
brown, which indicates the formation of AuNPs. AuNPs are stabilized by relatively 
strong Au-thiolate bonds, their diameters are in the 2-5 nm range, and their shapes are 
cuboctahedral and icosahedral. Due to the nucleation-growth-passivation kinetics 
model by which the sulfur-containing agents inhibit the growth process,54,55 larger 
S/Au mole ratios give smaller average core sizes. Fast NaBH4 addition and cooled 
solutions also produce smaller, more monodispersed AuNPs. During the reaction of 
the thiol with growing Au0NPs, the H atom of the thiol is lost, presumably by 
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oxidative addition of the S-H bond onto two contiguous Au0 atoms of the AuNP 
surface. The fluxional properties of the Au-H bonds on the AuNP surface can provide 
the fast walking path of the H atoms on the surface until two Au-H bonds become 
contiguous for H2 reductive elimination. Given the above advantages, the 
Brust-Schiffrin method is now much in use for the preparation and application on 
thiolate-liganded AuNPs.56-62Precise Au clusters have been synthesized using this 
method and purified (see § 2.1.2.2). From the nomenclature point of view, it is best to 
call clusters such small “NPs” that are precisely defined without polydispersity (single 
molecules), and to reserve the NP nomenclature to the cases for which there is some 
dispersity (mixture of several clusters), even if it is low.63 

 

 

 
Figure 3. Scheme of theBrust-Schiffrin method for AuNP synthesis. Reprinted with 
permission from ref 53 (Schiffrin’s group). Copyright 1994 Royal Society of 
Chemistry. 
 
 
The Brust-Schiffrin method was extended in 1995 to an improved procedure upon 
which the p-mercaptophenol-stabilized AuNPs were synthesized in methanol solution 
without the phase-transfer agent TAOB.64In this way, the introduction of TAOB 
impurities was avoided. Indeed, methanol is an excellent solvent for a single-phase 
system, because both HAuCl4 and p-mercaptophenol are soluble. Any thiol that is 
soluble in the same solvent as HAuCl4 such as methanol, ethanol or water allows the 
use of a single-phase system for AuNP synthesis. In the following years, a variety of 
publications concentrated on functional thiol ligand-stabilized AuNPs using the 
single-phase procedure.54,55,65-67Brust’s group prepared biocompatible and 
water-soluble AuNPs capped by (1-mercaptoundec-11-yl) tetraethylene glycol68 with 
less than 10 nm. Due inter alia to the hydrophobic alkanethiol interior and tetra 
(ethylene glycol) (TEG) hydrophilic shell, AuNPs are of great biomedical interest,69-71 
in particular in the form of AuNPs capped with thiolated polyethylene glycols 
(PEGs).72,73 
Very recently, a series of thiolate-stabilized AuNPs were prepared by a modified 
single-phase method. Sardar and Shumaker-Parry introduced 9-borabicyclo [3.3.1] 
nonane (9-BBN) as a mild reducing agent for the synthesis of a series of 
ω-functionalized alkylthiolate-stabilized AuNPs.74The use of other thiolate ligands 
such as bifunctional alkanethiolate,75-77 arenethiolate78-82 and other functional 
thiolate-stabilized AuNPs83 involving their synthesis from the corresponding thiols 
have also been reported. 
 
The strength of the reducing agent used in Brust-Schiffrin method is much larger than 
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that of citrate used in the Turkevitch method, and according to Marcus theory the 
reaction rate in AuNPs synthesis using NaBH4 is much larger than that of the 
Turkevitch AuNP synthesis using citrate reduction. A direct consequence is that the 
size of the AuNPs synthesized using the NaBH4 reductant is much smaller than that of 
Turkevitch method using the citrate reductant. 
 
2.1.2.2. Purification of precise Au clusters from AuNPs  
Various methods of purification and isolation of precise Au clusters from AuNPs that 
are more or less polydispersed mixtures of such clusters have been experimented. 
AuNPs with precise number of Au atoms and ligands such as Au140 (SC6)53 (SC6 = 
hexanethiol)84and Au144(SCH2CH2Ph)60

85 have been synthesized using the 
Brust-Schiffrin method. Murray’s group63, 86, 87 has prepared Au25(SCH2CH2Ph)18 by a 
modified version of the Brust-Schiffrin procedure. In this synthesis, AuCl4

- was 
phase-transferred from water to toluene, reacted with HSCH2CH2Ph, and then reduced 
by adding aqueous NaBH4. The crude product Aum(SCH2CH2Ph)n was purified by 
precipitation. For instance, the Au25(SCH2CH2Ph)18 and Au140(SCH2CH2Ph)53 were 
isolated from the crude product by precipitation in acetonitrile, Au25(SCH2CH2Ph)18 

being soluble in acetonitrile unlike Au140(SCH2CH2Ph)53. The formation of 
[oct4N

+][Au25(SCH2CH2Ph)18
-] was confirmed by 1H NMR, UV-vis., and mass 

spectrometry, and the X-ray crystal structure is illustrated in Figure 4. Further, the 
yield was improved up to 50% by tuning the temperature and duration of the various 
steps, and the formation of oxidized neutral Au25L18 was avoided. Sweeney et al.88 
reported the purification and separation of water-soluble thiolated 3-nm AuNPs. In 
this procedure, the solution of AuNPs is removed using a peristaltic pump through a 
diafiltration membrane. Small molecule impurities or small NPs are eluted in the 
permeate, while the large NPs are retained. The expanded view is that of a 
hollow-fiber-type diafiltration membrane depicting the elution of small impurities and 
NPs and the retention of larger particles. Kornberg’s group89,90introduced the 
precipitation method to obtain of Au102(P-MBA) 44  (MBA: p-mercaptobenzoic acid). 
The prepared P-MBA-protected AuNPs are precipitated by addition of ammonium 
acetate or NaCl and methanol and then collected in a microfuge by centrifugation. 
The pellets are allowed to dry in air, and they redissolved in water and purified by 
fractional precipitation. The solution is adjusted using appropriate amounts of 
ammonium acetate and methanol, and centrifuged for a few minutes. The supernatant 
is centrifuged repeatedly until no further precipitate is formed, adjusted to appropriate 
amounts of ammonium acetate, 80% methanol, and centrifuged to give the purified 
Au102(P-MBA)44. The final Au cluster products are characterized by SEM, 
MALDI-TOF MS, TGA and XPS. 89,90 
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Figure 4. (left) X-ray crystal structure of [oct4N

+][Au25(SCH2CH2Ph)18
-].16 The 

icosahedral Au13 core is surrounded by six Au2(SR)3 semi-rings that are slightly 
puckered in the reduced AuNPs as shown for the semi-ring with more pronounced 
yellow and pink colors (right). The icosahedral Au13 core (minus the center Au) is 
slightly distorted; the blue Au-Au bonds lying directly below the center of each 
semi-ring are on average 0.12 Å shorter than the yellow Au-Au bonds (average 2.96 
Å). Overall Au-Au average 2.93 Å. Au13 core diameter 9.8 Å; overall AuNP diameter 
23.9 Å. Reprinted with permission from ref 63 (Murray’s group).Copyright 
2010American Chemical Society. 
 
 
2.1.2.3. Determination of the number of thiolate ligands  
For the thiolate ligand-stabilized AuNPs, the surface ligand coverage is determined 
using theoretical and experimental methods. A most commonly employed theoretical 
method is that reported by Leff and co-workers91 for spheric AuNPs in 1995. In their 
assumption, the thiolate ligands are close-packed on the AuNP as a spherical surface. 
Is was also assumed that each gold atom had a constant volume, vg = 17Å3, and each 
thiol occupied an area of Ssulfur = 21.4 Å2 on the surface, so that both the number of Au 
atoms (nAu = 4π(R-δ)3

／3vg , R-δ≈D/2) and the number of thiolate ligands (nthiol = 
4π(R-δ)2

／Ssulfur) were obtained through a simple measurement of the AuNP diameter 
by TEM followed by statistical calculations. For example, the average core diameter 
of 2.7 nm AuNP resulted in 577 Au atoms and 103 thiol ligands at the periphery.92 

In 1995, Murray’s group93reported the spherical AuNP-core model that 
introduced a functional relationship between the thiolate ligand coverage (ratio of 
alkanethiolates to surface Au atoms, γ) and the mass fraction of alkanethiolate (χorganic) 
in the cluster with a given Au core radius (eq. 1). The surface ligand coverage was 
calculated using the measurement of χorganicby elemental and TGA analyses, and Rcore 
by TEM or SAXS. Murray et al. also pointed out that the calculated result of spherical 
core was not very different93 from those predicted for the face-centered cubic 
cuboctahedral model that was determined by Brustet al53 through the HRTEM 
measurement. As an example, an AuNP with a core radius Rcore = 1.19 nm and 
coverage γ = 0.66 contains 409 Au atoms and 126 alkanethiolate ligands in each 
AuNP. 
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eq.1 

In equation 1, χorganic is the mass fraction of alkanethiolate in the AuNP, RAu is the 
crystallographic radius of a gold atom (0.145 nm), ρHCP is the density of surface gold 
atoms (13.89 atoms/nm2, assuming hexagonal close packing), MWthiol is the 
alkanethiolate molecular weight in mass/molecule, γis the coverage (ratio of 
alkanethiolates to surface Au atoms), ρAu is the atom density of bulk gold (58.01 
atoms/nm3), and AWAu is the Au atomic weight in mass/atom. 
In a previous work of our group,94 it was experimentally determined that through the 
measurement of the AuNP core radius by TEM and the organic fraction determined 
by element analysis, the thiolate ligand number and total gold atom number could be 
calculated, and the result was in relatively good agreement with the reports by Murray 
and Brust. From these various determination methods, it results that Leff’s theoretical 
method leads to an underestimation of the actual number of thiolate ligands. If the 
thiolated AuNPs are well washed to remove excess free thiol (a key condition), i.e. if 
the Au/S ratio is correctly provided by elemental analysis or thermogravimetric 
analysis, the AuNP size determination by TEM leads to the correct number of AuNP 
ligands. The AuNP surface coverage by thiolate ligands depends on the geometry and 
size and varies between one thiolate ligand per two surface Au atoms to 2 thiolate 
ligands per 3 Au surface atoms. 
 
2.1.2.4. Other sulfur ligands 
Other sulfur ligands such as disulfides,95-100 xanthates,101 
thioacetates,102dithiocarbamates,103 trithiolates,104benzenesulfonate (SDBS),105 and 
thioctic acid106have been also used in synthesis of AuNPs via the Brust-Schiffrin 
two-phase method or improved single-phase method. Some of these ligands are 
considered to bind less readily than thiolates to the AuNP cores of AuNPs.107-109 An 
opposite view was reported by Lee’s group, however, who recently observed that the 
alkanethioacetates stabilized-AuNPs were as stable as alkanethiol-stabilized 
AuNPs.102 Alkanethioacetate ligands stabilize AuNPs with loss of the S-acetyl moiety 
and covalent attachment of the sulfur atoms as thiolates to the Au surface. 
 
2.1.2.5. Methods of functionalization 
2.1.2.5.1. Reactions of AuNP-citrate with thiols 
Due to the weakness of the Au-citrate bonds, the citrate-stabilized AuNPs are easily 
functionalized upon substitution of the citrate ligands by stronger thiolate ligands; this 
substitution is experimentally very simple and involves reaction of the precursor 
citrate-AuNPs with the corresponding functional thiols under ambient conditions. 
Compared to the Brust-Schiffrin method of direct synthesis, the AuNPs prepared from 
AuNP-citrate are larger, which allows potential applications of the latter in 
nanomedicine; therefore the plasmon band,110 observed only for AuNPs larger than 2 
nm, is key to the diagnostic. Mulvaney and Giersig initiated this method to synthesize 
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thiolate-stabilized AuNPs by substituting the citrate ligands by thiolate ligands using 
the corresponding thiols.52This research area is already largely developed. Mirkin’s 
group has used this strategy to load AuNPs with thiolated DNA.111 In a recent 
example, citrate-stabilized AuNPs have been functionalized with thiolated PEG and 
the PEGylated AuNPs formed in this way have been used as contrast agent for in vivo 
X-ray computed tomography imaging.112Very recently, Daniel’s group113synthesized 
robust AuNP-cored nitrile- and amine-terminated dendrimers by reaction between 
19.5-nm AuNP-citrate and poly (propyleneimine) dendronic thiols as efficient 
platforms for drug delivery (Figure 5). 
 
 

 
Figure 5. The synthetic routs for the thiol-dendron-stabilized AuNPs. Reprinted with 
permission from ref 113 (Daniel’s group). Copyright 2011 Royal Society of 
Chemistry. 
 
 
2.1.2.5.2. Brust-Schiffrin method with functional thiols 
Since the seminal report by Brust et al,64 it is known that some functional thiols can 
be used in the Brust-Schiffrin AuNP synthesis (§ 2.1.2.1) if the functional group of the 
thiol is compatible with the reactions conditions, in particular the reductant. This 
strategy has thus been largely exploited. A recent example was reported with the 
synthesis of 16-mercaptonhexadecanoic acid-capped AuNPs used for immobilization 
onto silica.114 Thiol-functionalized polymers or dendrimers are also used to stabilize 
AuNPs via Brust-Schiffrin synthesis (see § 2.2.1 and 2.2.2). The direct synthesis of 
AuNPs with functional thiols sometimes avoids the aggregation that may result from 
the post-functionalization method (§ 2.1.2.5.4). 
 
2.1.2.5.3. Thiolate-thiol ligand substitution reaction: functionalization 
The ligand-substitution reaction (occasionally called “place exchange” reaction) was 
first initiated by Murray’s group who first substituted alkylthiolate ligands by 
functional alkyl thiolate ligands using the corresponding functional thiols for the 
synthesis of functional AuNPs.115, 116The reaction at the AuNP core surface involves 
transfer of the SH hydrogen atom of the incoming functional thiol to the AuNP 
surface-bonded S atom of the coordinated thiolate to form the leaving thiol (eq. 2).  
Au-SR  +  R’SH  �  Au-S(R) --H --SR’  �  HSR + Au-SR’       eq. 2 
The thiolate ligand substitution is conducted by introducing excess thiol ligands. This 
method has been widely used,117 because it avoids using the reducing conditions of 
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the direct Brust-Schiffrin synthesis with functional thiols. Usually, the excess of 
functional thiol and the exchanged non-functional alkylthiol are separated by 
dissolution in methanol or ethanol in which the AuNPs are not soluble. Examples 
include amidoferrocenyl functionalized alkanethiol groups that were introduce into 
AuNPs for the redox recognition of oxoanions,118 azide- or bromo-functionalized 
thiols for further “click” functionalization of AuNPs,119-124carboxylic 
acid-functionalized thiols for controlled preparation of carboxylated AuNPs,125 and 
small thiolate molecules for the identification of antibiotics.126Recently, Lennox’s 
group developed a new ligand substitution reaction called “thiol-for-DMAP 
exchange”.127-129 They used thiol ligands for substituting the DMAP-capped AuNPs 
for the synthesis of liquid crystal (LC)-capped AuNPs,127 and polymer-capped 
AuNPs.128However, the ligand-substitution reaction has some drawbacks that are (i) 
risk of irreversible aggregation of AuNPs, (ii) incomplete ligand substitution, (iii) in 
some cases experimental difficulty in the determination of the amount of exchanged 
ligands, (iv) possible incompatibilities between the initial medium of the AuNPs and 
new capping molecules, such as tolerance of the new potential ligands towards 
solvent.119 Nevertheless, it remains very useful.  
 
2.1.2.5.4. Functionalization of pre-formed AuNPs 
Various functionalizations of pre-formed AuNPs by direct synthesis or ligand 
substitution have been conducted such as halide nucleophilic substitution reactions,117 
nucleophilic addition reaction,130carboxylic acid-alcohol-coupling reactions,131 
polymerizations,132 and “click” functionalization.133,134For example,AuNPs stabilized 
by 4-aminothiophenol are functionalized with folic acid by condensation reaction, 
with potential application in cancer therapy.135,136In our group, “click” 
functionalization of AuNPs has been applied for usage in drug delivery systems 
(Figure 6).124,136 This functionalization of pre-functionalized AuNPs has the 
inconvenient, however, that aggregation often occurs in the course of reactions, in 
particular if a catalyst is used. Nevertheless, it remains very useful, because the 
aggregated AuNPs are easily separated by precipitation. 
In summary, due to the strong Au-S bond (47 kcal/mol),137sulfur ligand-stabilized 
AuNPs have gained considerable interest for functionalization with thousands of 
publications since their discovery. These four functionalization methods are all 
currently used and complementary. 
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Figure 6. Encapsulation of docetaxel in PEGylated AuNPs considerably increases its 

solubility in water (Astruc’s group). Reprinted with permission from ref 124. 

Copyright 2011 Wiley-VCH. 
 

 
2.1.3. Schmid’s Au55cluster and the phosphorus ligands  
The phosphorus ligand-stabilized AuNPs have possible future applications in catalysis, 
imaging, sensing, and new therapeutic approaches.138-151They are also excellent 
precursors for ligand-substitution reactions towards the functionalization of 
AuNPsand for building bimetallic cores of AuNPs.152,153 In the early 1980s, Schmid 
reported a phosphine-stabilized Au55cluster that is known as Schmid’s cluster with 
narrow dispersity (1.4±0.4 nm).11 Schmid Au cluster was defined as [Au55(PPh3)12Cl6], 
was well characterized by X-ray crystal structure and showed the properties of a 
quantum-dot particle for the first time.154 Weare and Hutchison153 improved the 
Schmid method in 2000 using HAuCl4 and N(C8H15)4Br in a water-toluene mixture to 
which PPh3 and NaBH4 (instead of diborane in Schmid’s method) were added. The 
cluster [Au101(PPh3)21Cl5] formed with [Au(PPh3)Cl] as an impurity. Later, Moores et 
al. used the precursor complex [AuCl(SMe2)] instead of HAuCl4 as the gold source 
and sodium naphthalenide (C10H8Na) instead of NaBH4 as the reducing agent, to 
synthesize phosphinine-stabilized AuNPs. Phosphinines are well adapted to the 
coordination to Au0 and are suitable for AuNPs formation. Very recently, the mild 
reducing agent 9-borabicyclo-[3.3.1]nonane (9-BBN) was used in a new simple and 
versatile method for the synthesis of triphenylphosphine-stabilized AuNPs with 
diameters of 1.2-2.8 nm and narrow size distribution (Figure 7).138 Other recent 
examples of the synthesis of AuNPs stabilized by phosphines or phosphine derivatives 
are (i) triphenylphosphine-stabilized small Au clusters where triphenylphosphine is 
considered as a proactive etching agent,155 (ii) calixarene phosphine-stabilized AuNPs  
that were used for catalysis,156, 157(iii) 1,1′-binaphthyl-2,2′-dithiol-stabilized AuNPs 
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for optics,158and (iv) tetrakis(hydroxymethyl)phosphonium chloride 
(THPC)-stabilized AuNPs for further preparation of bimetallic nanoshells.159 In 
addition, proteins and lipids contains many phosphorus atoms that also stabilize 
AuNPs with these bioligands (see § 2.2.1). 
 

 
Figure 7. Synthesis pathway for TPP-stabilized AuNPs. Reprinted with permission 
from ref 138 (Shumaker-Parry’s group). Copyright 2009 American Chemical Society. 
 
 
2.1.4. Other ligands 
The other possible AuNP ligands are oxygen- and nitrogen-based ligands containing 
electronegative groups such as amine (or amino), carboxyl, carbonyl and phenol 
groups. In particular, amines have been popular AuNP ligands for a long time due to 
their presence in biological and environmental systems.160-166 For instance, Crooks’s 
group has reported octadecyl amine-capped AuNPs in 1993.160A series of 
aminoalcohol-stabilized AuNPs162, amine-stabilized AuNPs used as 
bioprobes163,164(Figure 8) and cyclic phenylazomethine (CPA)-stabilized AuNPs used 
as electrochemical probes for metal ion sensing are known.165Among them, 4-(N, 
N-dimethylamino) pyridine (DMAP) is a frequent AuNP ligand, and 
DMAP-stabilized AuNPs have found broad used in AuNP ligand-substitution 
reactions167 and heterogeneous catalysis.168 DMAP-liganded AuNPs were first 
reported in 2001 by Caruso’s group168,169 and recently gained increased 
attention.170-173These AuNPs are obtained by adding an aqueous DMAP solution into 
the TOAB-stabilized AuNPs via phase transfer. Two other key nitrogen ligands, 
TOAB and CTAB will be discussed in § 2.3.1. 
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Figure 8. Synthesis pathway for TPP-stabilized AuNPs. Reprinted with permission 
from ref 164 (Suri’s group). Copyright 2008 Elsevier.  
 
 
Among oxygen ligands, carboxyl derivatives and phenol were reported as AuNP 
stabilizer. For instance, folic acid stabilizes AuNPs via a carboxyl group, which is 
useful for nanomedicinal applications.174The other carbonyl stabilizers include 
N-vinylpyrrolidone175and N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid 
(HEPES); the latter stabilizes flower-like AuNPs with its carbonyl and phenolate 
groups.176 
 
2.2. Macromolecule-stabilized AuNPs 
Macromolecules stabilize AuNPs by both steric embedding effect and ligand 
interactions of their heteroatoms (N, O, P and S donors) with the AuNP surface.177 
 
2.2.2. Polymers 
As reviewed by Shan and Tenhu, using polymers as AuNP stabilizers has various 
advantages: (i) enhancement of long-term AuNP stability, (ii) adjustment of their 
solubility, (iii) increased amphiphilicity, (iv) high and tunable surface density of 
shell/brush, (v) tailored properties of AuNPs, and (vi) compatibility and 
processibility.178 Polymer-stabilized AuNPs date from Helcher’s treatise in 1718179that 
indicated starch-stabilized water-soluble Au particles. With the rapid development of 
nanotechnology, polymer-stabilized AuNPs are becoming actively and widely used in 
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catalysis,180 optics181 and biology.182 The two major synthetic routes to 
polymer-stabilized AuNPs are the “grafting to” and “grafting from” 
techniques.183,184-190 With the latter method, polymerization occurs at the Au surface in 
the presence of initiators; thus it can be viewed as a method of AuNP 
functionalization. The “grafting to” method involves direct AuNP synthesis by 
attachment of polymers onto the Au surface. There are two strategies for the “grafting 
to” method. The first one uses functionalized polymers with sulfur, nitrogen or other 
ligands at the end or in the middle of polymers to stabilize the AuNPs. This synthetic 
route is relevant to the Brust-Schiffrin method or the ligand substitution reaction. For 
the Brust-Schiffrin route that is often used with polymers, the HAuCl4 solution is 
mixed with the functionalized polymers, and the reducing agent is added to form the 
AuNPs (both in one phase or two phases). For instance, the polymeric AuNP ligands 
used in this way include thiolate end-capped polystyrene (PS),191-193 thiolate poly 
(ethylene glycol) (PEG),194 five-arm PEG-b-PCL star block copolymers,195 thiolate 
poly(N-isopropylacrylamide) (PNIPAM),196 thiolate poly (vinyl pyridine) 
(PVP),197polypeptide with disulfide termini,198poly(acryloylaminophenylarsonic acid) 
(PAAPHA) with amine and arsenic acid group,199 poly(ethylenimine) (PEI) with 
amine groups,31thioether-functionalized polymer ligands (DDT–PVAc and 
PTMP–PVAc),200 ionic polymers,201and O-ethyl-S-(1-methoxycarbonyl)ethyl 
dithiocarbonate functionalized poly(N-vinyl caprolactam) (PVCL) (Figure 9).202 The 
AuNP size is controlled by the polymer/ Au ratio that is detected by the change of 
intensity of the plasmon absorptionin the UV-vis spectra.203Some polymers such as PS 
and PAAPHA act as both reducing agents and stabilizers. Thus, they form AuNPs 
without additional reducing agents, but the AuNPs formed with such weak reducing 
agents are much larger than those formed using NaBH4.  
 

 
Figure 9. Synthesis of PVCL and coating of AuNPs. Reprinted with permission from 
ref 202(Marty’s group). Copyright 2011 Royal Chemical Society. 
 
 
The functionalized co-polymers are also used as templates in AuNP synthesis. For 
instance, Suzuki developed thermosensitive hybrid core-shell AuNPs via in situ 
synthesis. Figure 10 shows the route used in this study. Thiol- and 
amino-functionalized poly (N-isopropylacrylamide) (NIPAM)-b-(glycidyl 
methacrylate) (GMA) (poly NIPAM-b-GMA) have been used as templates to stabilize 
AuNPs inside the polymer shells.204 
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Figure 10. Schematic representation of the synthesis of thermosensitive hybrid 
core-shell particles containingAuNPs. Reprinted with permission from ref 204 
(Kawaguchi’s group).Copyright 2005 American Chemical Society. 
 

 
The ligand-substitution reaction for the synthesis of polymer-stabilized AuNPs has a 
significant advantage in that the pre-prepared AuNPs therefore lead to relatively 
monodispersed AuNPs by the Turkevitch or Brust method. Thus, after the 
ligand-substitution reaction by polymers, the polymer-stabilized AuNPs are also 
relatively monodispersed, because the AuNP core does not undergo size change 
(Ostwald ripening) during the ligand-substitution process. Azzam et al. reported a 
typical ligand substitution reaction: PEO-b-PS-b-P4VP was added into the 
TOAB-stabilized AuNP solution in toluene and stirred for 24h, and the 
PEO-b-PS-b-P4VP-stabilized AuNPs were obtained.205Recent examples have been 
reported.206-208 The other “grafting-to” strategy uses the polymer as a template to 
stabilize the AuNPs as core-shell NPs. This method is also defined as 
polymer-surfactant- or reverse micelle-stabilization of AuNPs, and is discussed in 
section §2.2.4. 
 
2.2.3. Dendrimers 
Dendrimers are highly branched, cauliflower-shaped monodispersed, synthetic 
macromolecules with well defined composition, dimension and 
structures.209,210Dendrimer- or dendron-stabilized AuNPs are classified in three parts: 
(i) AuNPs that are entrapped into the dendrimers or dendrons by the functional groups 
(containing S, N, P and O) and the steric embedding effects. These AuNPs are also 
called dendrimer-encapsulated AuNPs (Au DENs), and are sometimes used in 
electrocatalysis;211-219(ii) AuNPs that are surrounded by several small dendrimers at 
their periphery are called dendrimer-stabilized AuNPs (Au DSNs); (iii) AuNPs 
prepared as dendrimer cores and stabilized by coordinating ligands located at the focal 
points of dendrons. With functional groups located at the dendron periphery, the 
AuNP assembly provides AuNP-cored dendrimers containing peripheral functional 
groups such as redox groups that are broadly used as redox sensors.220-225 
Au DENs were first reported by Crooks’s and Tomalia’s groups using the 
polyamidoamine (PAMAM) dendrimers as stabilizers,226-228 followed by a number of 
reports dealing with the preparation of dendrimer-stabilized AuNPs of various kinds. 
The size distribution of dendrimer-stabilized AuNPs depends on the initial dendrimer 
to Au ratio229-231 and dendrimer generation.232,233 The synthesis of 
dendrimer-stabilized AuNPs with AuNP cores bound to other sulfur groups234-244 
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(Figure 11), hydroxyl groups,245,246benzyl ethers,247 and amine groups,248 has been 
reported. “Click” PEG dendrimer-stabilized AuNPs have recently been reported by 
our group. In these AuNPs, stabilization is provided by 1,2,3-triazole coordination, 
and the AuNPs are encapsulated in the dendrimers when the latter are large enough or 
surrounded by several dendrimers when the latter are too small (zeroth 
generation).249,250 

 

 

Figure 11. Newkone-type dendron-stabilized AuNPs. Reprinted with permission from 
ref 244 (Hackley’s group). Copyright 2010 American Chemical Society. 
 

 

Jia et al., reported the synthesis of AuNPs that are stabilized by 
phosphorylcholine-functionalized dendrimers. Their stability and controllable surface 
properties indicated potential use in biosensing (Figure 12).251AFM and TEM were 
used todemonstrate the morphology and size distribution of the AuNPsformed. 
Recently, the technique NICISS, reported by Voelcker’ group, was useful to 
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understand the inner structure of dendrimer-stabilized AuNPs.233 

 

 

 

 

Figure 12. Schematic representation of the synthesis of Au DSNs. Reprinted with 

permission from ref 251 (Ji’s group). Copyright 2011 Springer 
 

 
 
2.3. Surfactants and reverse micelles 
2.3.1 Surfactant-stabilized AuNPs without reverse micelle formation 
Surfactants stabilize the AuNPs by electrostatic bonding between the Au surface and 
the surfactant heads. The surfactant TOAB is normally used in the Brust-Schiffrin 
two-phase method as a phase-transfer agent, and it also acts as AuNP stabilizer. The 
TOAB-capped AuNPs is obtained by the Brust-Schiffrin two-phase method without 
adding the additional stabilizer and utilized in further functionalization or 
self-assembly.252-255 Another example is the synthesis of cetyltrimethylammonium 
bromide (CTAB)-stabilized AuNPs,256-259that was first reported by Nikoobakht et al. 
in 2001.257 The AuNPs are obtained by quickly adding an ice-cold NaBH4 solution 
into the mixture of CTAB and HAuCl4 solution, yielding AuNPs of average size up to 
4 nm with a net positive interfacial charge. It is frequently used as a seed for the 
preparation of monodispersed gold nanorods (AuNRs)256,257 and size- and shape- 
controlled AuNPs.260, 261 
2.3.2 Surfactant-stabilized AuNPs with reverse micelle formation 
Besides the electrostatic bonding, surfactants are also used to form reverse micelles 
for AuNPs synthesis. Reverse micelle solutions are transparent, isotropic, 
thermodynamically stable water-in-oil microemulsions that are dispersed in a 
continuous oil phase and stabilized by surfactant molecules at the water/oil 
interface.262-264Water is readily solubilized in the polar core of reverse micelles, 
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forming so-called water pools that play the role of templates for AuNP formation and 
also prevent the aggregation of AuNPs.265 The size of the AuNPs is defined by the 
micelle volume. Both low-molecular-weight surfactants and copolymer surfactants 
form reverse micelles for the synthesis of AuNPs.  
Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) is a widely used 
low-molecular-weight surfactant in AuNPs synthesis. The reverse micelle is thus 
prepared by adding water/AOT/n-heptane266 or water/ATO/isooctane267,268 into an 
appropriate amount of HAuCl4 or a gold salt. Then, the reducing agent hydrazine is 
added into the mixture to form the AuNPs. Recently, catanionic surfactants (mixture 
of octanoic acid and octylamine) such as lecithin,269,270 and trichromophoric 
dye-reverse micelle-stabilized AuNPs were also reported (Figure 13).271 However, the 
use of water/oil microemulsions for the synthesis of AuNPs has a major drawback. 
Large amounts of surfactant are required to stabilize the AuNPs, which introduces 
impurities. Very recently, Hollamby et al. reported the purification of reverse 
micelle-stabilized AuNPs in a single step. In this case, the AuNPs are stabilized by the 
microemulsion that forms in water/octane with butanol as co-additive. After adding 
excess water, the AuNPs are concentrated into the upper octane-rich phase and the 
impurities remain in the water-rich lower phase.272 

 

 

Figure 13. Scheme of dye-functionalized AuNPs (GPN = AuNP). Reprinted with 
permission from ref 271 (Yoda’s group). Copyright 2011 Elsevier.  
 
 
2.3.3. Reverse micelles 
Compared with classical surfactant-formed micelles, the copolymer surfactant-formed 
micelles have several advantages. First, the critical micelle concentration (cmc) of 
copolymers is much smaller, and their kinetic stability is larger than that of 
low-molecular-weight surfactants. Second, the size and shape of copolymer micelles 
is easily tuned by varying the composition of the copolymer, the length of the 
constituent blocks, and the architecture of the copolymer. Third, the stability of the 
AuNPs is enhanced upon increasing the length of the coronal blocks.195, 273 
A large number of studies are available in polymer micelle-stabilized AuNPs, 
therefore only a few representative or recent examples are mentioned here. Poly 
(styrene)-block-poly (vinylpyridine) (PS-b-PVP)274-279and poly (ethylene oxide)-poly 
(propylene oxide)-poly (ethylene oxide) (PEO-PPO-PEO)280-287are the most widely 
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used polymer micelles for AuNPs synthesis, and these AuNPs are applied in 
catalysis275-277  and biosensing.287 PS-b-PVP micelle-stabilized AuNPs are typically 
synthesized as described by Möller’s group. A solution of the block copolymer in dry 
toluene is mixed with HAuCI4 in appropriate amount. The mixture is stirred for at 
least 24 h in order to allow complete dissolution of the gold salt in the core of the 
block copolymer micelle. The reducing agent hydrazine is added under vigorous 
stirring to form the AuNPs (Figure 14).274, 278Very recently, Papp et al.279showed that 
various reducing agents introduced into PS-b-PVP micelle systems resulted in the 
formation of AuNPs of various sizes. The morphology, size and size distribution of 
the AuNPs formed were determined by AFM, DLS, and TEM. In addition, 
microcalorimetry was used to investigate AuNP formation in the copolymer micelles.  
PEO-PPO-PEO-stabilized AuNPs have been synthesized through the route reported 
by Sakai and Alexandridis.280AuNPs are prepared in an efficient one-pot 
aqueous-phase synthesis from the reduction of Au salts by using PEO-PPO-PEO both 
as reducing agent and stabilizer. The formation of AuNPs from Au salts comprises 
three steps: (i) initial reduction of Au ions in crown ether-like domains formed by 
block copolymer in solution, (ii) absorption of block copolymer on AuNPs and further 
reduction of Au ions on the surface of these AuNPs, and (iii) growth of particles 
stabilized by block copolymers.284 Increasing the PEO chain length favors the 
reduction of Au salts and formation of AuNPs.284  
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Figure 14. a) Molecular structure of the PS-b-P4VP copolymer and schematic 
illustration of the micellation process with in-situ synthesis of AuNPs in PS-b-P4VP. b) 
Topography image of the surface (from AFM) of a spin-coated PS-b-P4VP film along 
with a schematic illustration of a self-assembled PS-b-P4VP (with AuNPs) micellar 
film on a substrate. c) TEM image of PS-b-P4VP. The copolymer film is made up of a 
continuous bright PS matrix and dark spherical P4VP cores. d) TEM image of 
PS-b-P4VP with AuNPs; PS-b-(P4VP/Au). The molar ratio of HAuCl4:P4VP is 0.1. 
Reprinted with permission from ref 278(Leong’s group). Copyright 2008 Wiley-VCH. 
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In addition, the temperature,285 micelle environment286, and shapes and sizes of 
micelles286 are also considered to be the main contribution factors in the overall 
growth kinetics leading to a specific morphology of AuNPs.286 For example, the 
smaller micelle size with few surface cavities produced small AuNPs (Figure 
15).286Other polymer reverse micelle-stabilized AuNPs were also recently prepared 
using similar approaches. For example, poly (ethylene oxide)-b-poly (ε-caprolactone) 
(PEO-b-PCL)-stabilized AuNPs with 5-7 nm core size have potential for the 
exploration of drug-delivery systems with biodegradable PCL units and biocompatible 
PEO units.288 Polyethylenimine-g-hydrocaffeic acid (PEI-C)-AuNPs are also the 
subject of biomedical applications.289 

 

 

 

Figure 15. A PEO-PPO-PEO micelle with the core occupied by PPO units and the 
corona constituted by PEO units. Reprinted with permission from ref 286 (Bakshi’s 
group). Copyright 2011 American Chemical Society. 
 

 

2.3.4 Liposomes 
Liposomes, supramolecular assemblies of amphiphilic lipids, can be used as reverse 
micelles to prepare AuNPs. Early syntheses of liposome-stabilized AuNPs have been 
conducted by adding NaBH4 to mixtures of HAuCl4 and liposomes.290 This method 
easily provides size-controlled AuNPs, but NaBH4 is toxic and can modify the 
biological function.291Recently, Sau et al. reported a “green” and efficient 
methodology that yields liposome-stabilized AuNPs in a simple, rapid, and controlled 
way. The AuNPs are obtained by adding ascorbic acid as reducing agent into the 
mixture of liposome-based giant unilamellar vesicles (similar to micelles) and 
HAuCl4.

291 Similarly, AuNP synthesis using the biocompatible reducing agent 
glycenol was reported by O’Sullivan’s group (Figure 16).292, 293 
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Figure 16. a) Designed liposomal nanoreactor. b) Formation stages of AuNPs inside 
the glycerol-incorporated (15% v/v) liposomes: liposomes before reaction (top left), 
liposomes during the reaction (middle) (scale bars = 10 nm), and purified AuNPs 
synthesized in the nanoreactor (bottom right, scale bar 20 nm). Photon correlation 
spectroscopy graph of the liposome size distribution before the reaction, PI = 0.232 
(bottom left corner) and graph of the calculated AuNP size distribution using TEM 
(top right corner). Reprinted with permission from ref 293 (O’Sullivan’s group). 
Copyright 2011 American Chemical Society. 
 
 
2.4 Biosynthesis and “green chemistry”  

(a) 

(b) 
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Biosyntheses and “green” syntheses of AuNPs are another remarkable area in AuNPs 
preparation via in situ synthesis. In these syntheses, the biomolecule directly acts both 
as a stabilizer and reducing agent to form the AuNPs. The sources for bio- and green 
preparations of AuNPs are natural source extracts, chitosan, and microbes.  
 
2.4.1. Natural-source extracts 
Due to the abundance of carboxyl, carbonyl, hydroxyl and phenol groups, the 
natural-source extracts reduce AuIII  and stabilize the AuNPs with these groups. Since 
Goia and Marijevic synthesized gum arabic (originated from a natural plant) 
stabilized AuNPs in 1999,294 many environmentally friendly AuNP syntheses were 
reported, especially by Sastry’s group.295-297 In these reports (Table 1), non toxic 
chemicals from natural source extracts were used in the syntheses in order to avoid 
adverse effects in medical and biology applications. These AuNP syntheses using 
natural-source extracts are simple, just mixing the extracts with aqueous HAuCl4 until 
the color changes to red or purple.295 Besides this green-chemistry aspect, AuNPs 
stabilized by natural-source extracts are also used in other fields involving AuNPs 
assembly.306 
 

Table 1. AuNPs stabilized by natural-source extracts  
Natural source  Groups for stabilizing AuNPs Publication year 
Gum arabic294 phenol 1999 
Lemongrass295 hydroxyl and carbonyl  2004 
Emblica officinalis 296 carbonyl and phenol 2005 
Alove vera plant297 carbonyl and phenol 2006 
Cinnamomum camphora298 carbonyl 2007 
Gellan gum299 carboxy, carbonyl and phenol 2008 
Castor oil300 carboxyl 2008 
Volvariella volvacea301 phenol 2009 
Hibiscus302 phenol 2010 
Bayberry tannin (BT)303 phenol and carbonyl 2010 
Tannic acid304 phenol and carboxyl 2010 
Zingiber officinale305 carbonyl and phenol 2011 
 
 
2.4.2. Chitosan  
Chitosan, the second-most abundant natural polymer in the world, is known as the 
deacetylated chitin and has a good water solubility and 
biocompatibility.307,308Chitosan stabilizes AuNPs with the amine groups and the steric 
effect of its own structure. Yoshimura’s group first reported chitosan-stabilization of 
AuNPs by adding NaBH4 as a reducing agent.308 Further, Huang’s group309 used 
chitosan both as a stabilizing agent and reducing agent, and obtained AuNPs by 2h 
heating of HAuCl4 and chitosan mixture with a 70℃ water bath, a fully “green” 
synthesis. From then on, the chitosan-stabilized AuNPs have been widely used in 
catalysis,310 biomedicine,311 and sensing.162In addition, carboxymethyl chitosan has 
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later also been used to synthesize AuNPs, due to its higher sorption of metal ions than 
that of chitosan.312 
 
2.4.3. Microbes 
The stabilization by microbes provides a remarkable mode of AuNP biosynthesis that 
has been studied for more than three decades. In 1980, Beveridge and Murray 
reported that the Bacillus subtilis reduces AuIII  to AuNPs with a size range of 5-25 nm 
sizes inside the cell wall.313Up to now, four major microbes have been used for 
AuNPs synthesis: bacteria, fungi, actinomycete and yeast. The abundance of carboxyl 
groups in microbes is considered to play a major role in the reduction of 
AuIII .313Moreover, the abundant electronegative groups in microbes (amine, carboxyl, 
thiol, disulfur, etc.) contribute to the microbe stabilization of AuNPs. The synthesis of 
AuNPs with microbes follows two procedures: extracellular production and 
intracellular production. For the extracellular production, AuIII  is reduced by the cell 
wall reducing enzymes or soluble secreted enzymes. For the intracellular production, 
reduction occurs inside the cell. The extracellular production of AuNPs has wider 
applications than intracellular accumulation in optoelectronics, electronics, 
bioimaging and sensor technology.314 
In Table 2, some identified data from ref 314 are recollected together with some 
newest data showing recent microbe-stabilized AuNPs. 
 

Table 2.  Microbe-stabilized AuNPs  
 

3. Seed-growth method  
3.1. Principle of the seed-growth method 
The seed growth method is another popular technique for AuNP synthesis that has 
been used for more than a century. Compared with the in situ synthesis, the 
seed-growth method enlarges the particles step by step, and it is easier to control the 
sizes and shapes of formed AuNPs. Thus, this procedure is widely used in the most 
recent size- and shape-controlled AuNPs syntheses.  
The seed growth usually involves two steps. In the first step, small-size AuNP seeds 
are prepared. In the second step, the seeds are added to a “growth” solution containing 

Microbe type Microbe Localization  Size Reference 
 

Bacteria 
Sulfate-reducing bacteria intracellular < 10 nm 315 

Shewanella algae intracellular 10-20 nm 316 

Plectonema intracellular 10 nm 317 

Rhodopseudomonus capsulata extracellular 50-400 nm 318 

Fungi Verticillium sp. intracellular 20±8 nm 319 

Fusarium oxysporum extracellular 20-40 nm 320 

 

Actinomycete 
streptomyces viridogens strain 
HM10 

intracellular 18-20 nm 321 

Thermomonospora sp. extracellular 8 nm 322 

Yeast Extremophilic Yeasts intracellular 30-100 nm 323 

Yarrowia lipolyrica NCIM 3580 intracellular 15 nm 324 
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HAuCl4 and the stabilizing and reducing agents, then the newly reduced Au0 grows on 
the seed surface to form large-size AuNPs. The reducing agents used in the second 
step are always mild ones that reduce AuIII  to Au0 only in the presence of Au seeds as 
catalysts, thus the newly reduced Au0 can only assemble on the surface of the Au 
seeds, and no new particle nucleation occurs in solution. Moreover, due to the use of a 
mild reducing agent, the second step is much slower than the first one, and it can be 
repeated to continue the growth process.  
In the course of the seed-growth synthesis of AuNPs, the formation of seeds takes a 
significant place correlated to the size, shape and surface properties that are controlled 
by the amount and nature of reducing agent and stabilizer, and their ratio to the Au 
precursor. The earliest gold nano seeds were proposed by Natan,325using citrate 
reductant and capped spherical Au seeds with diameter 12 nm for the overgrowth of 
spherical AuNPs. In 2001, Jana and co-workers326synthesized 3.5 nm citrate-capped 
gold seeds by dropping an ice-cold aqueous solution of NaBH4 into a solution of a 
mixture of HAuCl4 and citrate. These seeds were originally used for the formation of 
AuNRs. This procedure of Au seed formation was modified by El-Sayed327in 2003 
using hexadecyltrimethylammonium bromide (CTAB) as the stabilizer instead of 
citrate. These Au seeds with a diameter smaller than 4 nm were used to promote the 
narrow dispersity of AuNRs. Subsequently, this seed formation was regarded as the 
most primary nucleation process in the synthesis of AuNPs.  Other monodispered, 
large-sized, spherical or quasi-spherical AuNPs, AuNRs, and other shaped AuNPs 
have been synthesized using the seed-growth method, as follows.  
 
3.2. Spherical or quasi-spherical AuNPs 
The traditional in situ synthesis provides spherical or quasi-spherical AuNPs. The 
disadvantage is, however, that when the size increases it becomes out of control, and 
the shape is not controlled either. Therefore, the seed-growth strategy has emerged as 
a very efficient method to synthesize monodispersed AuNPs with large sizes (up to 
300 nm) precisely and with well-defined shapes.328-330 

Natan and co-workers,325,331,332pioneered the seed-growth method reported in an 
European patent.333 In this procedure, the AuNPs between 20 nm and 100 nm were 
prepared by adding citrate-capped, NaBH4-reduced seeds into a “growth” solution 
containing a mild reducing agent such as citrate331,332 or hydroxylamine.329This results 
provided an improvement of physical properties compared to the Turkevitch and 
Frens method. However, this synthetic route also generated a small population of 
rod-shaped AuNPs as impurities. Later, Murphy’s group334improved the method by 
using ascorbic acid as a reducing agent as mild as citrate in growth solution and using 
CTAB as a stabilizer to synthesize monodispersed spherical AuNPs up to 40 nm (the 
citrate-stabilized AuNPs with a relative standard deviation that was lower than 10% 
were considered as monodisperse334,335). This method was later used for the synthesis 
of icosahedral AuNPs with controlled size (from 10 nm to 90 nm) by Han’s group 
(Figure 17).336  
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Figure 17. TEM images of AuNPs in solution a) 11.0 ± 0.8 nm, b) 13.3 ± 2.0 nm, c) 
32.2 ± 1.8 nm, d) 69.0 ± 3.7 nm and e) 87.3± 12.1 nm. Reprinted with permission 
from ref 336(Han’s group). Copyright 2007 American Chemical Society. 
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Recently, highly monodispersed, spherical, citrate-stabilized AuNPs were synthesized 
up to 300 nm by using hydroquinone329 or ascorbic acid (Figure 18)337 as reducing 
agent in the seed-growth process. Reaction conditions such as temperature,330 pH,330 
Au precursor to seed particle concentration330 and citrate concentration335 were 
considered to affect the size distribution and shape of the AuNPs.  
 
 

 
Figure 18. TEM images ofAuNPs in solutions a) 15 ± 2nm, b) 31 ± 3 nm, c) 69 ± 3 
nm, d) 121 ± 10 nm, e) 151± 8 nm and e) 294± 17 nm. Scale bars are 200 nm for parts 
a-c and 500 nm for parts d-f. Reprinted with permission from ref 337 (Eychmüller’s 
group).Copyright 2011 American Chemical Society. 
 
 
 
3.3. Gold nanorods (AuNRs) 
The AuNRs show two plasmon bands: a strong longitudinal band in the near-infrared 
region and a weak transverse band, similar to that of gold nanospheres, in the visible 
region. The band in the near-infrared region, where tissue absorption is minimal, is 
very useful for potential in vivo applications. Consequently, due to their specific 
structure and shape, the AuNRs exhibit wide potential use in nanomedicine. 338, 

339,340During the last few decades, AuNRs had been prepared using electrochemical 
and photochemical reduction methods in aqueous surfactant media and nanoporous 
templates.341-343 However, the seed-growth method now clearly appears as the most 
favorable one for synthesizing AuNRs, because it can easily generate high yields of 
well-defined and monodispersed AuNRs.  

The current seed-growth method was first reported by Murphy’s group in 
2001.326Briefly, 3-4 nm citrate capped AuNPs are used as seeds, then the seeds are 
added into the growth solution containing appropriate HAuCl4, CTAB and freshly 
prepared ascorbic acid, without further stirring or agitation. After 5 to 10 min, AuNRs 
with 4.6 ± 1 aspect ratio are generated in the solution. AuNRs with a high aspect ratio 
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(up to approximate 20) are obtained by three-step growth: the first-step forms AuNRs 
that are used as seeds for the second growth, and the second-step-formed AuNRs are 
used as seeds for the third growth (Figure 19).326,344,345The AuNRs obtained are 
purified and form other-shaped AuNPs by centrifugation. However, this method has 
the disadvantage that large amounts of AuNPs of sphere and other shapes are formed 
as by-products, which greatly reduces the AuNR yield. Nikoobakht and EI-Sayed 
improved the method in 2003, efficiently overcoming the drawbacks. The 
CTAB-capped seeds are used instead of citrate-capped seeds, and silver nitrate is used 
in the seed-growth process to control the aspect ratio of AuNRs. This protocol results 
in high yield of AuNRs (99%) with ratios from 1.5 up to 5 and generates only traces 
of spherical AuNPs.327 

 

 

 
Figure 19. General methodology for the generation of AuNRs. Reprinted with 
permission from ref 345 (Murphy’s group). Copyright 2004 American Chemical 
Society. 
 
 
In order to better understand the formation of AuNRs, the scientists have concentrated 
on the parameters that affect the yield, monodispersity and size of AuNRs. For 
instance, Huang’s group346,347 reported that nitric acid added into the growth solution 
leads to a high yield of AuNRs. Korgel’s group348, 349and Manohar’ group350 noticed 
that the presence of iodide at ppm concentrations in CTAB prevents the formation of 
AuNRs in the growth media. In a recent report, it was disclosed that the micelle 
nature of CTAB was a key factor in NR purification from other shapes due to 
depletion attraction forces of surfactant micelles.351Then Garg et al. showed that 
bromide anions of the CTAB surfactant played a greater role than the CTA+ cations 
for the process of AuNRs formation.352 Furthermore, Si et al. figured out that bromide 
anions played a crucial role in the formation of rod-like AuNPs in the sense that there 
was a critical [Br-]/[Au III ] ratio (around 200) to form AuNRs with a maximum aspect 
ratio; beyond this value, the aspect ratio of AuNRs decreased (Figure 20).353Details of 
the mechanism of AuNR formation have been carefully reviewed by the EI-Sayed338 
and Murphy groups339.  
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Figure 20. TEM image of AuNRs prepared with A) 100 [size: (18±3) × (8.5±1) nm], 
B) 200 [spheres (26±5) nm in diameter], and C) 20 mm CTAB [size: (23±5) × (8±1) 
nm]; D) 20 mm CTAB+80 mm NaBr [size: (21±3) × (11±1) nm] and E) after 24 h 
reaction with 100 mm CTAB. The concentration of HAuCl4 was 8×10-2 mm in all 
reactions. Reprinted with permission from ref 353 (Lounis’s group). Copyright 2012 
Wiley-VCH. 
 
 
 
3.4. Other shapes of AuNPs 
Besides spherical or quasi-spherical AuNPs, anisotropic AuNPs have also recently 
been reported and widely used in biomedicine354and nanotherapy.355 Among the 
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shape-controlled strategies,356 seed growth is an efficient method for the synthesis of 
anisotropic AuNPs. It allows rational design of nanocrystal shape, size distribution 
and monodispersity through the adaption of nucleation and growth conditions. In 
particular, reported anisotropic AuNPs include AuNRs,57 Au nanocubes,357 Au 
nanohexapods,358 Au nanoribbons,359 Au hollow nanocages,360 Au 
nanobranches,361-363and Au nanopolyhedrons.364-366 
Herein we are focusing on the main examples of anisotropic AuNP syntheses and 
their improvements. A seminal report of a solution-based “chemical” route to multiple 
shaped-controlled AuNPs in 2004 is that of Murphy357and co-workers. In a typical 
procedure, a HAuCl4 solution is added to a CTAB solution followed by addition to the 
growth solution of an aqueous solution containing AgNO3, ascorbic acid, and HAuCl4. 
In given conditions, nanorods, and other particles with triangular and square outlines 
were formed and, by increasing the ascorbic acid concentration, hexagonal 
nanocrystal appeared. Then, upon further increase in ascorbic acid, cube-shaped 
particles were formed in high yield (90%). A variation of branched AuNPs were also 
synthesized by controlling the various combinations of [seed]/[AuIII ] ratio or the 
concentrations of CTAB and ascorbic acid.  
Huang’s367 group reported a systematic shape evolution process from CTAC-capped 
truncated cubic Au seeds to trioctahedral and rhombic dodecahedral AuNPs via a 
two-step seed growth process. Systematic shape evolutions from truncated cube to 
cubic, trisoctahedral, and rhombic dodecahedral structures have been controlled upon 
addition of various amounts of ascorbic acid.  
Xia358 and coworkers reported a facile method for the formation of 
thermodynamically unfavorable Au nano-hexapods by using N, N-dimethylformamide 
(DMF) to reduce HAuCl4 in the presence of single crystal of octahedral Au as the 
seed. The shapes of the hexapods have been controlled by variation of the amount of 
HAuCl4 in the growth solution or changing the reaction temperature. Polyhedron is 
another shape of AuNPs that has recently been obtained by adding the CTAC-capped 
Au seeds into the growth solution containing HAuCl4, CTAC, and various salts, 
followed by reduction using ascorbic acid. The shapes of the AuNPs formed are 
controlled by the nature of various salts in the growth solution. For example, NaBr is 
used for rhombic dodecahedra, and KI is used for octahedral.366Very recently, 
Mirkin’s group361 reported a method to synthesize octahedral AuNPs with hollow 
features. In the growth process, Au concave nanocubes are prepared as seeds,362 and 
the reaction is initiated by the addition of the seeds to the growth solution containing 
the appropriate ratio of HCl, HAuCl4, AgNO3, ascorbic acid, and 
cetyltrimethylammonium chloride (CTAC). The yield is higher than 90%, and the 
structure of the Au hollow is well characterized (Figure 21 shows some examples of 
anisotropic AuNPs). 
The growth mechanism of anisotropic nanocrystal formations was scrutinized, and it 
was found that the temperature, pH, Au precursors/surfactants ratio and salts used in 
the growth solution influenced the growth of Au seeds on each facet, and finally 
affected the size and shapes of the AuNPs.368-371 
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Figure 21. a) Cubic AuNPs. Reprinted with permission from ref 357 (Murphy’s 
group). Copyright 2004 American Chemical Society. 
b) Trisoctahedra AuNPs. Reprinted with permission from ref 367 (Huang’s 
group).Copyright 2010 American Chemical Society. 
c) Start-like AuNPs. Reprinted with permission from ref 358 (Xia‘s group). Copyright 
2011 Wiley-VCH. 
d) SEM images of (A) the concave cube seeds and the products of the octahedra 
reaction with (B) 50, (C) 100, and (D) 150 µL of a 10 mM HAuCl4 solution. Scale 
bars: 100 nm. Reprinted with permission from ref 361 (Mirkin’s group). Copyright 
2011 American Chemical Society. 
 

 
 
4. Other AuNP synthetic methods  
Other methods involve both “top down” and “bottom up” strategies and are discussed 
here. They also include supported AuNPs and bimetallic AuNPs. 
 
4.1. Pulse radiolysis 
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Pulse-radiolysis is another “bottom-up” method that involves gamma-ray irradiation 
for the reduction of AuIII  instead of the traditional addition of a chemical 
reductant.372As a suggested mechanism, radiolysis generates radicals by ionization 
and excitation of the solvent (usually water). A radical scavenger is introduced in 
order to trap the primary radical formed (OH.)to give a new radical that is unable to 
oxidize the goldions but exhibits strong reducing power, such as the radicals of 
secondary alcohols (2-propanol is the most-commonly used one).This is followed by 
the disproportionation of AuII species giving AuI and AuIII  species. Meanwhile, the 
mild reducing agent reduces AuIII to AuII, and AuI to Au0. During this stepwise process, 
AuIII  is progressively reduced to Au0, and the formation of AuNPs proceeds in the 
presence of a stabilizer that is required in order to avoid the overgrowth and 
aggregation of the AuNPs.373The stabilizer must be unable to reduce the gold salt 
directly before the irradiation. For instance, poly(vinyl alcohol) (PVA), 
octadecylamine(OA), and olyvinyl pyrrolidone (PVP) were used as stabilizers. 
 
In a recent example, Abidietal.374 reported a one-pot radiolytic synthesis of AuNRs of 
well-controlled aspect ratios in a CTAB micelle. The synthetic procedure involved 
addition of HAuCl4 and TOAB to a stirred aqueous CTAB solution; after further 
stirring for 1h at 50 oC, acetone, cyclohexane, and AgNO3 were successively added 
into the previous solution, and then flushed with nitrogen and irradiated by a 60Co 
panoramic gamma source. A series of AuNRs with various aspect ratios were 
obtained by variation of the AgI concentration.  
 
The radiolysis strategy has also been reported for the synthesis of spherical AuNPs 
with diameters 6 nm and 13 nm375bimetallic Au-Pd376and Au-Ag377NPs, but altogether 
rather few reports are known. 
 
4.2. Top-down methods 
The top-down strategies start with a bulk gold substrate (generally film or pellet), 
followed by a nanoscale patterning procedure during which most portion of the gold 
film is removed, yielding AuNPs with predetermined scale and shape.338 One of the 
most commonly utilized top-down techniques is the electron-beam lithographic 
method that results in the formation of multiple-shaped nanostructures with 
dimensional control on tens of nanometer length scale.378Another most popular 
top-down technique is the laser-based ablation,379 first introduced by Cotton et al.380 
As an recent example, Meunier’s381group developed a two-step femtosecond 
laser-assisted technique producing size-controlled, low dispersed (20%), and 
functionalized spherical Au NPs in aqueous solution in the size range of 2 to 80 nm. 
In the first step, seeds were obtained by ablating a gold pellet substrate immersed in 
aqueous dextran (as stabilizer ligand) solutions. The seed-growth proceeds under 
femtosecond laser irradiation for 1h. 
 
4.3. Supported AuNPs  
As in the synthesis of ligand-stabilized AuNPs, the primary role of the support is to 
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avoid the aggregation of AuNPs. Moreover, the support also plays a direct or indirect 
role at the AuNP-support interface in gold-catalyzed reactions. AuNPs supported by 
mesoporous oxides including TiO2, CeO2, SiO2, Fe3O4, Al2O3, ZrO2, the forms of 
carbon, and metal-organic framework (MOFs) have broad applications in 
homogeneous and heterogeneous catalysis.382 
 
4.3.1. Oxides 
The most widely used procedure for the preparation of AuNPs supported on these 
insoluble oxides solids is the precipitation–deposition method. Starting from an 
aqueous solution of HAuCl4, addition of a base leads to precipitation of a mixture of 
Au(OH)4 or Au(OH)x

-Cl4-x
-. Related gold oxy/hydroxides that adsorb into the solid are 

then reduced to metallic Au by boiling the adsorbed species in methanol or any other 
alcohol. After adsorption on the solid surface, AuNP formation occurs by nucleation 
and growth. The pH of the precipitation and the other experimental conditions (nature 
of the alcohol, temperature and time of the reduction, calcination procedure, etc.) 
provides a certain control of the particle size of the resulting NPs.383The ideal solid 
oxide support should have a high density of hydroxyl groups and a large surface area 
according to the deposition-precipitation mechanism in order to achieve the formation 
of AuNPs with narrow size distribution.382,384-392Characterization techniques for the 
oxide-supported AuNPs include TEM, SEM, XRD, Raman and UV-vis spectroscopies. 
Since Haruta’ seminal discovery383 in the 1980’s of CO oxidation by O2 to CO2 at low 
temperature using TiO2-supported AuNPs that are smaller than 5 nm, these 
oxide-stabilized AuNPs are widely studied in catalysis for aerobic oxidations of 
various substrates including alcohol oxidation, CO oxidation, and hydrolytic 
dehydrogenation and for hydrogenation reactions.384-392 
 

4.3.2. Carbon  
In the family of activated carbons, carbon blacks, graphites and carbon nanotubes 
(CNTs) have been reported to support AuNPs for catalytic applications393and 
sensing.394 The precipitation–deposition method that is very useful with oxide 
supports results instead in aggregation with carbon supports.382 Thus, in order to 
deposit AuNPs on carbons, two steps are required. This first step is the synthesis of 
the AuNPs by either the Turkevitch method or the Brust method using a stabilizer 
such as citrate, thiol, polymer, i.e. The second step is the immobilization of preformed 
AuNPs on the surface of active carbons (also carbon blacks and graphite) or into the 
matrixes of CNTs. Concerning the immobilization step, as shown by the group of 
Prati and Rossi,15,395the carbon support is added into a sol of preformed AuNPs with 
vigorous stirring, and the AuNPs are immobilized on the support with a certain 
amount of AuNP loading. A high stabilizer/Au ratio maintains the original sizes of the 
AuNPs during the immobilization step.395Sol-carbon interactions are critical to control 
the resulting AuNP size.395, 396 
 
4.3.3. Mesoporous materials and MOFs 
4.3.3.1. Mesoporous materials 
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Mesoporous material-supported AuNPs are widely used as catalysts. The production 
of these types of catalysts leads to high surface-area systems, in which the 
shape-selective behavior of mesoporous materials can be combined with the catalytic 
action of metal particles. This shape selectivity cannot be achieved with amorphous 
oxide-supported metal catalysts.397,398 Among all the mesoporous materials, the 
mesoporous silicas have gained great attention due to the properties of MCM-41 
(MCM: Mobil Composition of Matters) and related materials, including highly 
ordered mesopores, controlled pore size, specific surface areas and pore 
volumes.382,399,400An early synthesis of silica-coated AuNPs was reported in 1996 by 
Mulvaney’ group. The silane coupling agent (3-aminopropyl)-trimethoxysilane was 
used to render the gold surface vitreophilic. After the formation of a thin silica layer 
in aqueous solution, the particles were transferred into ethanol for further growth 
using the Stober method. Varying the silica shell thickness and the refractive index of 
the solvent allowed control over the optical properties of the dispersions.110 

The use of task-specific ligands with calcining as post-treatment provides AuNPs that 
are encapsulated into the mesoporous channels or loaded on the surface of silica 
spheres.382,401 For example, Corma’s group402 reported task-specific ligands 
containing a cetylammonium moiety to act as structure-directing agent that reacts 
with AuNPs containing a trialkoxysilyl group. The latter co-condenses with 
tetraethoxysilane (TEOS) to form mesoporous silica. (Figure 22) In another recent 
example, it was reported402that a –NH2 and –NH functionalized mesoporous carbon 
nitride (MCN) stabilizes AuNPs. The synthesis involved the reduction of AuCl4 by 
NaBH4 in water suspension in the presence of MCN.  
 
 

 
Figure 22.Synthesis of AuNPs encapsulated in mesoporous silica. Reprinted with 
permission from ref 402 (Corma’s group). Copyright 2005 Royal Chemical Society. 
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Besides task-specific ligands, the AuNPs are also coated with polymers and then 
encapsulated by mesoporous materials as core-shell AuNPs. For instance, Jan et al. 

403reported a preparation of AuNP/mesoporous silica tubular nanostructures. 
Poly(L-lysine) (PLL) and poly(L-glutamic acid) (PLGA) multilayer-coated 
membranes are immersed in a HAuCl4 solution to form AuNP/PLL/PLGA multilayers. 
Subsequently the membranes are taken out from the solution and inserted in a freshly 
prepared orthosilicic acid solution for 6-12 h, in order to allow precipitation of silica 
in this multilayer. After thoroughly rinsing with water and drying at room temperature, 
the as-prepared AuNP/meso-SiO2/PLL/PLGAmultilayer is obtained and purified by 
calcination (Figure 23). 
 
 

 
Figure 23. Procedure used for preparing mesoporous silica and AuNP/meso-silica 
tubes. Reprinted with permission from ref 403 (Jan’s group). Copyright 2011 
American Chemical Society. 
 
 
4.3.3.2. MOFs  
MOFs are another form of mesoporous materials that are thermally robust and in 
many cases highly porous. It is expected that the crystalline porous structures of 
MOFs limit the migration and aggregation of AuNPs. Thus, MOF- supported AuNPs 
have gained progressive attention since their first report by Fisher and co-workers in 
2005.404 In Fisher’s method, the precursor AuNPs are mixed with MOF-5 and loaded 



 

51 

 

into MOF-5 both by thermal metal organic chemical vapor deposition (MOCVD) and 
photo MOCVD. Then Ishida et al.405 reported a new method for the synthesis of 
MOF-5-encapsulated AuNPs by solid grinding without organic solvent (Figure 24). 
Very recently, Xu’ group406, 407published the synthesis of ZIF-8-encapsulated AuNPs 
(Zn(MeIM)2 MeIM = 2-methylimidazole). The pretreated ZIF-8 is dispersed in a 
HAuCl4/MeOH solution, and the mixture is pumped for 1-2 h to be mushy, then 
suitable amounts of MeOH are added into the slurry, and NaBH4 in MeOH is added 
under vigorous stirring for the complete reduction of AuCl4

-. The solid is recovered by 
filtration and thoroughly washed with MeOH. Very weak diffractions were detected 
from powder XRD patterns, indicating the formation of small AuNPs that was 
confirmed by TEM and HADDF-STEM.  
 
 

 

Figure 24.Synthetic procedure ofMOF-5-encapsulated AuNPs. (PCP:porous 
coordination polymer) Reprinted with permission from ref 405 (Haruta’s group). 
Copyright 2008 Wiley-VCH. 
 
 
5. Bimetallic AuNPs  
Au bimetallic NPs are classified in two types of mixing patterns: core@shell NPs and 
alloy bimetallic NPs. The core@shell NPs consist of a metal shell surrounding a gold 
core, or gold shell surrounding another metal core. These NPs could be considered as 
heterogeneous. The alloy bimetallic NPs consists of a homogeneous mixture of gold 
and another metal in the NP. Many Au bimetallic NPs have been reported with Ag, Pd, 
Pt, Zn, Cu, ZrO2, CdS, Fe2O3, Eu, Ni, and Rh.9 

 
5.1. Core@shell NPs 
Core@shell heterobimetallic NPs have appeared in the 1970’s,408,409 and 
Toshima410,411 has synthesized PVP-stabilized Au@Pd and Pd@Au NP catalysts, 
characterized them by X-ray absorption fine structures and shown that Au@PdNPs 
were more active than PdNPs for catalytic hydrogenation reactions, due to synergistic 
electronic effects.412-414The Au-Fe3O4 bimetallic NPs are attractive materials for 
biological and medical areas, due to their theranostic (therapy + diagnostic) properties 
involving magnetic resonance imaging (MRI) and hyperthermia.415, 416 
The Au-core@other metal-shell NPs are generally synthesized by sequential reduction 
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of appropriate precursors.417 For example, Crooks’s group reported various ways of 
forming Au-Pd bimetallic NPs in dendrimers. The reduction of metallic precursors is 
initiated either by the polyol method or by addition of NaBH4. The co-complexation 
of dendritic PAMAM interior ligands followed by reduction results in a core@shell 
structure. For instance, the polyol reduction often results in the formation of 
Au-core@Pd-shell NPs, because of the difference in the reduction potentials of Au 
and Pd. The AuIII  precursor is easier to reduce than various transition metal cations 
including PdII and provides a seed for PdII to be reduced on for the synthesis of 
Au@Pd NPs. The sizes of the core and shell are controlled by the Au/Pd ratio used 
during the synthetic procedure. Alternatively, an elegant method used by Crooks is 
galvanic displacement that involves the redox reaction between a DEN and metal ions 
of another metal.417 Recently, Xie et al. reported the synthesis of Au@Pt@Au nano 
raspberries for catalysis.418 As shown in Figure 25, the first step is the formation of an 
Ag shell around the Au core. The conversion from Au@Ag to Au@Pt particles is 
achieved via the galvanic displacement of Ag by Pt through the addition of 
hexa-chloroplatinic(IV) acid. Silver is deposited on the Pt surface in a second coating 
step, again using AgNO3 and sodium citrate as reducing agent. In the last step of the 
synthesis, raspberry-like Au@Pt@Au NPs are formed via the concerted action of both 
reagent reduction and galvanic replacement (vide infra). As shown in the SEM image 
inFigure 25b, this approach leads to the growth of the desired Au protuberances 
instead of the formation of a complete and smooth Au shell.  
 
 

 
Figure 25. a) Reaction scheme showing morphological and structuralchanges involved 
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in thefabrication of Au/Pt/Au core/shell nanoraspberriesand b) SEM image of the 
product Au@Pt@Au. Reprinted with permission from ref 418 (Schlücker’s group). 
Copyright 2011 American Chemical Society. 
 
 
The other metal-core@Au-shell NPs are usually synthesized by forming the Au shell 
on the other metal core, i.e. sequential loading and reduction of the metals leads to the 
choice of core and shell, because the metal that is first introduced forms the core.417 A 
variation involves core surface modification with functional groups serving as 
templates for the nucleation of Au.408, 419 For example, small Fe3O4 NPs (5-15 nm) 
were first synthesized by reduction of Fe(acac)3 by 1,6-hexadecanediol in the 
presence of the capping agents oleic acid (OA) and oleylamine. Then, the Fe3O4 NPs 
served as seeds for the coating of the Au shell. Oleylamine is a crucial surfactant, 
providing an amine functional group that coordinates to the Au atoms, which is 
followed by reduction of Au(CH3COO)3 by 1,6-hexadecanediol in the presence of 
oleylamine. As a result, the HR-TEM confirmed the formation of monodispersed 
FexOy@Au NPs with a 5-15 nm core and 0.5-2 nm Au shell thickness.420Core@shell 
AuNPs are also known with AuNPs coated with silica shells (§ 4.3.3.1).Murphy et al. 
disclosed silica nanospheres with a nanoscale overcoat of gold (“nanoshells”) that 
have tunable absorption in the visible and NIR regions, which leading to remarkable 
potential use of these AuNPs in cellular imaging.421 
 
5.2. Bimetallic alloy NPs 
The bimetallic Au alloy NPs are generally synthesized by simultaneous reduction of 
appropriate precursors.422,423 For instance, Liu and Walker reported a Au-Cu nanocube 
that was formed by simultaneous reduction of copper(II) acetylacetonate and HAuCl4 
by 1,2-hexadecanediol in diphenyl ether in the presence of 1-adamantanecarboxylic 
acid, 1-hexadecylamine, and 1-dodecanethiol. The TEM image showed that the 
as-prepared particles were perfectly cubic in shape and uniform in size, averaging 23 
nm, and the EDX spectroscopy line scanning analysis showed a homogeneous 
distribution of copper and gold across theentire nanocube.424 
Recently, Negishi et al. synthesized the precise alloy clusters Au25-nAgn(SC12H25)18  
by reducing various ratios of HAuCl4/AgNO3 mixtures and purified them by 
precipitation in acetonitrile. The structures were confirmed by MALDI and LDI mass 
spectra.425Later,Kumara and Dass426developed this method to obtain the alloy 
clustersAu144-nAgn(SR)60(SR= SCH2CH2Ph, SC6H13 or SC12H25) by etching of the 
pre-formed Au/Ag clusters with excess thiol. The optical absorption spectra of the 
nanoalloy clusters in the UV-vis. region exhibit three distinct features: a “plasmonic” 
peak around 430 nm (2.9 eV) and two shoulders around 310 (4.0 eV) and 560 nm (2.2 
eV). The higher is the n value, the clearer is the appearance of these features (Figure 
26).426,427 
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Figure 26. UV-vis. spectra of Au92Ag52(SR)60clusters for Au / Agprecursor ratio of 1: 
0.66 with phenylethane thiol (dotted), hexane thiol(dashed), and dodedane thiol 
(solid). Reprinted with permission from ref 426 (Dass’s group). Copyright 2011 Royal 
Chemical Society. 
 
 
 
6. Conclusion and outlook  
The preparation of AuNPs that has been known for a very long time has met a 
considerable amount of variations involving multiple materials from biology to 
functional molecules and finally the solid state. The engineering of AuNPs has 
become finely tuned with size and shape control towards targeted applications. The 
intrinsic lack of toxicity of the AuNP cores and their topological, optical, sensing, 
catalytic and biomedical properties will obviously lead to a huge expansion of their 
applications in nanotechnology.428-430 
In summary, AuNPs with size below 10 nm are easily prepared by the Brust-Schiffrin 
method or by high-temperature reduction with oxide and other solid supports for 
catalytic applications with supported AuNPs smaller than 5 nm. In molecular 
chemistry, thiolate ligands provide robust AuNPs of 1-10 nm size, and direct 
syntheses, ligand substitution reactions with functional thiols and post 
functionalizations using for instance olefin metathesis, click reaction and amide bond 
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formation provide rich means of multiple functionalizations for potential biomedical 
applications.431,432 
AuNPs larger than 2 to 3 nm present the plasmon band resulting from the interaction 
of light with the collective conducting surface electrons of the AuNPs that is not 
observed for AuNPs smaller than 2 nm due to the localization of electron in molecular 
Au cluster bonds. The plasmon band of relatively large AuNPs is thus most useful for 
various imaging and other optics techniques. Therefore the improved Turkevich 
method using citrate AuIII  reduction is still much in use for the synthesis of such 
AuNPs in the 10-50 nm-size range that are functionalized with biomolecules, drugs, 
receptors and imaging agents for diagnostic and therapy applications. The seed- 
growth method with recent progress, however, is now considered as more precise than 
the Turkevitch method, because it provides narrower size distributions. For the 
synthesis of AuNPs larger than 100 nm, the seed-growth method is also specifically 
efficient. AuNPs with various shapes (rods, cubes, triangles, hexapods, ribbons, 
hollow cages, branches, polyhedrons) are synthesized using this method by careful 
controlling of the synthesis conditions.  
The technology of solid state-supported AuNPs that started with glass decoration (e. g. 
the IVth-century Lycurgus cup)continues to fascinate scientists with the remarkable 
catalytic properties of inter alia oxide-supported AuNPs. The latter, pioneered by 
Haruta 25 years ago, is still expanding using a variety of solids including mesoporous 
materials, MOFs and heterobimetallic NPs towards promising “green-chemistry” 
applications. 
 
7. Abbreviations 
9-BBN: 9-borabicyclo[3.3.1] nonane 
AFM: atomic force microscopy  
ATO: sodium bis (2-ethylhexyl) sulfosuccinate 
AuNP: gold nanoparticle 
AuNR: gold nanorod 
CNT: carbon nanotube 
CPA: cyclic phenylazomethine 
CTAB: cetyltrimethylammonium bromide 
DENs: dendrimer encapsulated NPs 
DLS: dynamic light scattering 
DMAP: 4-(N,N-dimethylamino) pyridine 
EDX: energy-dispersive X-ray 
GMA: glycidyl methacrylate 
GUVs: giant unilamellar vesicles 
HADDF-STEM: high-angle annular dark-field scanning transmission electron 
microscopy 
HEPES: N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid 
HR-TEM: high-resolution transmission electron microscopy 
LDI: laser desorption ionization 
MALDI: matrix-assistedlaser desorption ionization 
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MOCVD: metal organic vapor deposition 
MOF: molecular organic framework 
MRI: magnetic resonance imaging 
NICISS: neutral impact collision ion scattering spectroscopy 
NIPM: poly (N-isopropylacrylamide) 
NIR: near infra red 
NP: nanoparticle 
PAAPHA: poly (acryloylaminophenylarsonic acid) 
PCL: poly (caprolactone) 
PEG: poly (ethylene glycol) 
 
PEI: poly (ethylenimene) 
PEO: poly (ethylene oxide) 
PPO: poly(propylene oxide) 
PS: polystyrene 
PVCL: poly (N-vinyl caprolactam) 
PVP: poly (vinyl pyridine) 
SDBS: benzenesulfonate 
TAOB: tetra (octylammonium) bromide 
TEM: transmission electron microscopy 
TEG: tetra (ethylene glycol) 
THPC: tetrakis(hydroxymethyl) phosphonium chloride 
TGA: thermogravimetric analysis 
XRD: X-ray diffraction 
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1.3 Docetaxel nanotechnology in anti-cancer therapy 
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Chapter 2  

The improvement of Functionalization of AuNPs  

by “Click” Chemistry 
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2.1 Introduction 

The copper-catalyzed alkyne-azide Huisgen-type cycloaddition, (click reaction) has 
considerable impact on organic, bio-organic, medicinal and materials chemistry. The 
case of the functionalization of AuNPs using click chemistry is especially dramatic as 
shown by various reports that have produced clicked AuNP in remarkably low yields.  

 
In previous work of our group, it was shown possible to functionalize AuNP by click 
reaction using the Sharpless catalyst, but this “catalyst” had to be used in 
stoichiometric amount. Since then, we have even found that with some substrates up 
to 400% of CuSO4 + sodium ascorbate is necessary for click functionalization of 
AuNP, which is especially damaging when the AuNP are functionalized for 
biomedical use because of the toxicity of copper salts.  
 
The catalyst [Cu(hexabenzyl)Tren]Br was first prepared and probed in molecular 
chemistry including dendrimers by Liyuang Liang, a former PhD students in our 
group (2008-2011), and published a full paper concerning this catalyst (Adv. Syn. 
Catal. 2011). In this previous report, this catalyst was considered to be very efficient 
with various “click” reactions. Thus, in this chapter, we probed and reported here the 
use of this catalyst that is remarkably efficient in truly catalytic amounts under 
ambient conditions with a variety of alkyne substrates for the functionalization of 
azido-terminated AuNP that are an escially difficult case with AuNP 
fonctionalization.. 

 

 

 

 

 

2.2 Click Functionalization of Gold Nanoparticles Using the very 

Efficient Datalyst Copper (I) (Hexabenzyl) tris (2-aminoethyl)- amine 

Bromide 
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Biomedical Applications of Gold Nanoparticles 
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3.1 Introduction 

This chapter is composed of two sections. Both of them concern the biocompatible 
AuNPs containing PEG ligands, and their applications on biology.  
 
The first section deals with the encapsulation of docetaxel by PEG functionalized 
AuNPs for potential applications to cancer therapy. This involves the collaboration 
work with Dr Gillian Barratt’s group at the Faculté de Pharmacie of the Université 
Paris Sud in Châtenay-Malabry. The novel drug delivery system (DDS) in the present 
of AuNPs and the covalent linked targeting agent folic acid was prepared in Bordeaux, 
and the biotests were carried out in Châtenay-Malabry with the collaboration of Prof 
Gillian Barratt’s group with the help of Rachel Oliveira. 
 
The second section demonstrates the encapsulation of water soluble vitamins (B3, B6, 
B9 and C) by thiolate-mPEG protected AuNPs. The vitamins could be encapsulated 
into hydrophobic core of AuNPs by the mPEG ligand. Due to the biocompatibility of 
PEG, the PEG capped AuNPs with encapsulated vitamins have potential applications 
in the hydrophobic part of human bodies.  

 

 

3.2 Gold Nanoparticles on Docetaxel Drug Delivery Systems. 

 

Folate-functionalized Gold Nanoparticles for Anti-cancer 

Docetaxel Delivery 
 

Abstract 

In this study, a novel drug delivery system for docetaxel was prepared. Firstly, the 
PEG and mPEG-coated AuNPs were synthesized, followed by covalent 
functionalization with folic acid at the PEG termini. This structure of this system was 
confirmed by 1H NMR, TEM, UV-vis spectroscopy and Dynamic Light Scattering 
(DLS). Tests in cell culture using AuNPs with encapsulated docetaxel were carried out 
to evaluate the efficiency of this drug delivery system.  
Key words: gold nanoparticles, docetaxel, folic acid, drug delivery system  
 

Introduction 

Drug carriers are attracting increasing interest in nanomedicine, especially for cancer 
treatment.1-4 In particular, liposomes,5 polymer nanoparticles,6 nanocapsules,7 silica 
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nanorattles8 and dendrimers9,10 have been widely investigated. Among nano-sized 
carriers, gold nanoparticles12 are a very attractive non-toxic family that provide 
theranostic (combined diagnostic and therapeutic) functions.13-19 

Docetaxel20-25 is, together with paclitaxel, one of the most powerful anticancer drugs 
in the taxane family. Compared with other currently used anticancer drugs, it has a 
broad spectrum of activity against a variety of tumors. Despite successful 
performances by docetaxel against several kinds of tumors,26-34 there are still severe 
limitations such as its poor aqueous solubility (normally at the level of µg/ml) and its 
systematic toxicity.25,32,33  
In a previous study of our group using “passive” targeting of docetaxel, 
PEG-functionalized AuNPs were shown to greatly increase the solubility of docetaxel. 
Delivery of PEGylated AuNP-encapsulated docetaxel was studied in vitro with human 
colon carcinoma (HCT15) and human breast cancer (MCF7) cells. AuNPs alone 
presented no cytotoxicity towards either MCF7 or HCT15 ade-nocarcinoma cells. The 
AuNP-loaded docetaxel was 2.5-fold more efficient than docetaxel against MCF7 
cells, and the IC50 of AuNP-docetaxel in HCT15 cells was lower than that of 
docetaxel.14 
 
In the present article, we describe a new drug delivery system (DDS) involving 
“active” targeting with PEG-coated AuNPs with covalently bound folate at the 
termini, encapsulating docetaxel by non covalent supramolecular interactions. In this 
system, folate is the active targeting agent, while the AuNPs played a role of 
nanocarrier for docetaxel delivery. To our knowledge, it is the first time that folate has 
been covalently bound to AuNP for docetaxel delivery. The efficiency of this system 
was investigated by an in-vitro study.  
 

Results and discussion 

Synthesis and characterization of AuNPs  
As shown in Scheme 1, the AuNP 1 was synthesized by modified Brust method35, (see 
experimental section). From the 1H NMR spectrum of AuNP 1 (see SI), it can be seen 
that the AuNP surface was capped by 50% HS-mPEG and 50% HS-PEG-NH2·HCl. 
This indicated that 50% of capped ligand on AuNP 1 could be functionalized by 
NHS-folate through the coupling reaction, leading to AuNPs with folate 
functionalization at the periphery (AuNP 2).  
The folate functionalization at the termini of AuNP 2 is confirmed by the 1H NMR 
spectrum (SI). The size of the AuNPs, determined by transmission electron 
microscopy (TEM) is 4 ± 0.5 nm (Figure 2) with a classic satisfactory dispersity. The 
plasmon band is observed at 530 nm (Figure 3) which also confirms that the size of 
the AuNPs is larger than 3 nm.  
The AuNPs 2 were used to encapsulate the docetaxel for the following in vitro study. 
The encapsulation procedure is described in the experimental section. Here numerous 
weak hydrogen bonds form between the OH and NH group of docetaxel (Scheme 1) 
and the numerous oxygen atoms of the PEG polymer. These weak but numerous 
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hydrogen bonds allow to use the PEGs as a molecular solvent encapsulating docetaxel 
molecules in water for its solubilization in water. 
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Scheme 1. The synthesis route of AuNPs and the encapsulation of docetaxel. 
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Figure 2 The size and size distribution of AuNP 2 by TEM.  
 
 
 
 
 
 
 
 
 
 
Figure 3 The plasmon band absorption spectrum of AuNP 2. 

 
 
Evaluation of AuNP 2 on HUVEC cells 
In order to test the biocompatibility of AuNPs, the MTT assay on HUVEC cells was 
used after incubation with AuNP 2. As shown in Figure 4, the HUVEC cells cultured 
with FA-Au NPs with various concentration had similar viability to the untreated 
control group (p>0.05). These results show that FA-Au NPs have good 
biocompatibility and no toxicity to HUVEC cells.  
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Figure 4 Viability of HUVEC cells in presence of AuNPs 2, estimated by the MTT 
test. 
 
In vitro cytotoxicity of AuNPs with encapsulated docetaxel towards LnCap 
prostate cancer cells 
Figure 5 shows that a 48-h of treatment with the Au / DOC nanoparticles caused a 
small decrease in cell viability at most concentrations. On the other hand, free DOC 
did not affect cell viability at 48 h. However the dose-effect was more prominent after 
6 days of treatment. In this case, the Au/DOC showed a similar effect to free DOC. 
Unloaded AuNPs had no effect on cell viability at either time-point (data not shown). 
These results were confirmed by observation with an optical microscope. 
 
The morphology of the cells was observed after 6 days of treatment using an optical 
microscope (Leitz Diaplan) at 100X magnification. Typical photomicrographs are 
shown in Figure 6, which indicated much fewer cells after 6 days of treatment with 
DOC or Au/DOC compared with control cells or cells treated with unloaded 
nanoparticles. 
 
 

     
Figure 5 Percentage of cell survival in contact with DOC and Au/DOC after 48h and 6 
days. (Test was carried out in Châtenay-Malabry by Rachel Oliveira.) 
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Figure 6 Optical microscopy images of LnCap cells after 6 days: (A) control without 
treatment; (B) cells with Au; (C) cells with DOC 1.7x10-5 M; (D) cells with Au/Doc 
1.7x10-5 M. The bar represents 50 µm. (Test was carried out in Châtenay-Malabry 
by Rachel Oliveira.) 
 
 

Conclusions and outlook 

In this study, AuNPs have been functionalized with PEG2000 by “click” chemistry in 
order to encapsulate docetaxel by supramolecular interactions for further in vitro and 
in vivo study. The PEG-protected AuNPs with folate functionalization show an 
excellent biocompatibility. These AuNPs used for docetaxel delivery indicate an 
efficient anticancer property for prostate cancer cells in an in-vitro test. In future work, 
in vivo evaluation of this DDS will be needed. Also, we envisage to prepare the 
AuNPs with longer PEG (i.e. PEG2000 or PEG5000) as the stabilizer, and compare the 
different anticancer properties of AuNPs protected with longer PEG chains with those 
bearing shorter PEG chains.  

Experimental section 

General Data.  
All solvents and chemicals were used as received. 1H NMR spectra were recorded at 
25°C with a Bruker 300 (300 MHz) spectrometer. All the chemical shifts are reported 
in parts per million (δ, ppm) with reference to Me4Si for the 1H and 13C NMR spectra. 

A B 

C D 
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The DLS measurements were made using a Malvern Zetasizer 3000 HSA instrument 
at 25°C at an angle of 90°. The infrared (IR) spectra were recorded on an ATI Mattson 
Genesis series FT-IR spectrophotometer. UV-vis. absorption spectra were measured 
with Perkin-Elmer Lambda 19 UV-vis. spectrometer. The MTS reagent was purchased 
from Promega (Madison, USA). Cell culture reagents were from Lonza (Basel, 
Belgium). Docetaxel was purchased from Sigma-Aldrich (Illkirch, France) and 
DMSO from Carlo Erba (Milan, Italy). 
 
Synthesis of HS-PEG-NH2·HCl 
The molecular weight of PEG was 400. The synthesis route of HS-PEG-NH2·HCl 
was followed by the reference36 1H NMR (CDCl3, 300 MHz) 3.58 (40H, -CH2CH2O-), 
3.17(2H, -CH2NH2HCl), 2.70 (2H, HSCH2-). 
 
Synthesis of HS-mPEG 
The molecular weight of mPEG was 550. The synthesis route of HS-mPEG was 
followed by the reference.37 1H NMR (CDCl3, 300 MHz) 3.60(40H, -CH2CH2O-), 
3.33(3H, -OCH3), 2.68(2H, HSCH2-). 
 
Synthesis of Folate-NHS 
The synthesis of folate-NHS prodeeded as described by Zhang et al.38 Briefly, Folic 
acid (1.0g, 2.3mmol) and triethylamine (5ml) were added into DMSO (30ml) and the 
mixture stirring at r.t. under nitrogen atmosphere until folic acid was completely 
dissolved. Then NHS (0.3g, 2.6mmol) and DCC (0.75g, 3.6mol) were added and the 
mixture was stirred overnight at 80°C under a nitrogen atmosphere. After filtration, 
the filtrate was poured into 300mL acetonitrile, and the yellow precipitate was washed 
twice with ethanol and diethyl ether, and the yellow powder was collected. Yield: 82%. 
1H NMR (DMSO-d6, 300 MHz) 8.60 (1H, pyrazine ring), 7.61 (1H, arom ring), 6.97 
(1H, -CH2NH-arom ring), 6.63 (1H, arom ring), 4.64 (2H, -CH2NH-arom ring), 2.82 
(4H, -NOC-CH2CH2-CON-), 2.29(2H, -CH2CH2COO-), 1.99(2H, 
-CH2CH2CH2COOH). 
 
Synthesis of AuNPs 1 
Thiolate-mPEG (Mw = 550; 55mg, 0.1mmol) and thiolate-PEG-NH2HCl (Mw = 490 
49mg, 0.1mmol) were dissolved into 10mL MeOH, and this solution added into a 
solution of HAlCl4 (100mg) in 30mL (MeOH:H2O 1:1). After stirring for 5 minutes, 
1ml of a freshly prepared NaBH4 (100mg) aqueous solution was added dropwise and 
with vigorously stirring for another 1h. Then, MeOH was evaporated under reduced 
pressure, and the water phase was salted into 30mL CH2Cl2 with a minimum amount 
of NaCl. The organic phase was separated and dried over Na2SO4. After evaporated of 
the solvent under vacuum, the crude product was dissolved in 30mL distilled water 
followed by dialysis. Yield: 45mg. 1H NMR 1H NMR (CDCl3, 300 MHz) 3.58 (40H, 
-CH2CH2O-), 3.33 (3H, -OCH3), 3.17 (2H, -CH2NH2HCl), UV-vis: plasmon band at 
530 nm. DLS: 57.6 nm. TEM: 4 ± 0.5 nm. 
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Synthesis of the AuNPs 2 
20mg of AuNPs 1 from the above synthesis was dissolved into 4mL CH2Cl2, and 
0.02mmol FA-NHS was dissolved into 4ml DMSO, 0.2mL triethylamine (TEA) was 
added into the mixture and stirred overnight at r.t.. After evaporating CH2Cl2 under 
vacuum, 50ml ether was poured into the solution, and then the precipitate was 
collected and dissolved into CH2Cl2, and filtered over paper. The filtrate was 
evaporated to obtain the product as 14mg of deep red crystals. 1H NMR 1H NMR 
(DMSO-d6, 300 MHz) 6.97 (1H, -CH2NH-arom ring), 6.63 (1H, arom ring), 3.58 
(40H, -CH2CH2O-), 3.33 (3H, -OCH3), 2.29 (2H, -CH2CH2COO-), 1.99 (2H, 
-CH2CH2CH2COOH). UV-vis: plasmon band at 530 nm. DLS: 50.4 nm. TEM: 4 ± 0.5 
nm. 
 
Encapsulation of docetaxel  
A stock solution of docetaxel was carefully prepared with 5.92 mg of docetaxel 
(XP105 DeltaRange Analytical Balance - Mettler Toledo, (Zurich, Switzerland), 
dissolved in 0.2 mL of DMSO, followed by further dilution in distilled water. In order 
to encapsulate the drug, 1 mL of a suspension of AuNPs 2 at 10 mg/mL was added to 
14.3 mL of a DOC solution of 0.28 mg/mL. All solutions were sterilized using a 0.2 
µm cellulose acetate sterile syringe filter and handled in a sterile environment in order 
to prevent microbial contamination during the encapsulation period. The final mixture 
was stirred for 5 days during 30 °C and used directly to evaluate their cytotoxicity 
against human prostate cancer cells. 
 
Evaluation of biocompatibility of AuNP 2 
The toxicity of FA-Au NPs was evaluated by MTT assay, which was used to evaluate 
the viability of HUVEC cells after incubation with the FA-Au NPs. 
In detail, the HUVEC cells were seeded to the 96-well culture plate, and incubated for 
18h. Then, the cells were cultured with FA-Au NPs of various concentrations (1, 5, 10, 
20, 50 and 100µg/ ml) for 24h. Cells without adding AuNPs were used as a control 
group (0µg/ ml). MTT reagents were added into each well and cultured for another 4h. 
Then the medium was removed, and the cells were lysed in DMSO. After formazan 
was dissolved, the absorbance at the wavelength of 540 nm was read. Relative cell 
survival was represented as a percentage of the control group. Five parallel samples 
were performed in each group. 
 
Cytotoxicity evaluation 
The human prostate cell line LnCap (ECACC Reference 89110211) was obtained 
from the Institut Bergonié, Bordeaux. Cells were routinely grown in RPMI-1640 
medium supplemented with L-glutamine, 10% of fetal bovine serum and 5% 
penicillin-streptomycin. Cells were incubated at 37 °C in an atmosphere containing 
5% CO2 and passaged once a week. Cell viability was estimated using the Promega 
Cell Titer 96 Aqueous Non-Radioactive Cell Proliferation (MTS) assay.39

 

The cells were seeded in 96-well plates (5000 cells in 50 µL per well). Free docetaxel 
(DOC), alone and AuNP loaded with docetaxel (Au/DOC) were suspended in culture 
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medium, serially diluted and added 96-well microtiter plates (50 µL/well), 24h after 
seeding the cells. The plates were incubated for a further 48 h or 6 days. Ninety 
minutes prior to the end of each exposure period, the MTS reagent (20 µL/ well) was 
added. 
The absorbance of the formazan product was read with a 492 nm high-pass filter in a 
Multiskan MS microwell plate reader (Labsystem, city, country) Background 
absorbance due to the non-specific reaction between the test compounds and the MTS 
reagent was measured in wells without cells and was subtracted from the values 
measured in the presence of cells.40 Cell viability was calculated as a percentage of 
the absorbance of untreated cells. Triplicate wells were used for each point. The low 
concentration of DMSO present in the samples of free docetaxel was tested alone and 
found to have no effect on cell viability. 
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DLS of AuNP 1 

 

The average dynamic diameter of AuNPs was 57.4nm 
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The plasmon band at 530 nm 

 

 

TEM of AuNP 1 

 

TEM: the average size of the AuNP was 3.5±0.5nm 
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Characterization of AuNP 2 

1 H NMR of AuNP 2 
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DLS of AuNP 2 

 

The average dynamic diameter of AuNPs was 50.6nm 
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3.3 Encapsulation of Water-soluble Vitamins by Gold Nanoparticles 

in Hydrophobic Media 
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Chapter 4 

The Application of AuNPs to Spin Cross-over Devices 
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4.1 Introduction and contribution 

Spin cross-over devices are designed by Dr Azzedine Bousseksou’s group as optical 
materials for memory storage resulting from hysteresis of the Fe(II) spin cross-over. 
Surface enhanced Raman spectroscopy or surface enhanced Raman scattering (SERS) 
is especially appropriate for the study of gold nanoparticles derived with such systems.  
It is a surface-sensitive technique that enhances Raman scattering by molecules 
adsorbed on rough metal surfaces (especially for Ag surface and Au surface). The 
enhancement factor can be as much as 1010 to 1011, which means this technique may 
detect single molecules. Thus, chapter 4 contains a submitted article, in collaboration 
with the Laboratoire de Chimie de Coordination (LCC) in CNRS in Toulouse, 
Azzedine Bousseksou’s group, including our contribution introduced below..  
 
We have developed a specific SERS substrate, which was based on the introduction of 
AuNPs into the multilayer of the spin crossover (SCO) film. (See Figure 1) In the first 
step, benzene-1,4-dithiol was used to functionalize a gold surface by means of Au-S 
bonds. Then, the AuNPs were attached to the gold surface by the other S atom of the 
benzene-1,4-dithiol. In the next step mercaptopyridine was used to functionalize the 
“free surface” of AuNPs, also using the Au-S bonds. Afterwards, the substrate was 
immersed into ethanol solutions of Fe(BF4)2, K2Pt(CN)4 and pyrazine step-by-step in 
order to assemble a continuous films of the SCO complex Fe(pyrazine)[Pt(CN)4], On 
the whole 5 layers of the complex were deposited.  

 

Figure 1. Scheme of sequential assembly of the SERS substrate and the multilayer of 
the compound Fe(pz)[Pt(CN)4] 
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The AFM images (Figure 2) of the multilayer film revealed a mean roughness around 
50 nm which is close to the expected total thickness for the multilayer [gold film (20 
nm), a monolayer of AuNPs (18 nm) and 5 layers of the complex (5 nm)]. As we can 
be seen from the cross-section of the AFM image, objects with larger size (from a few 
hundreds of nm to a few tens of nm) are also observed, probably due to the 
aggregation of AuNPs and/or the precipitation of the iron complex.  
 

 

 

Figure 2. (a) AFM image of S5 surface with a stripe on the left. (b) and (c) are 
cross-sections corresponding to the blue and green lines on the AFM image, 
respectively. The depth of the stripe indicates the thickness of the gold layer deposited 
on silicon, i.e. 20 nm. 

 
In order to detect the spin state switching for the 5 layers of the complex deposited on 
AuNPs, we have acquired Raman spectra at high and low temperatures (Figure 3). 
The Raman signature of silicon (broad band around 950-1000 cm-1) appears for both 
temperatures and both excitation wavelengths. At 532 nm excitation wavelength, we 
can see a clear Raman signal from the iron complex around 2200 cm-1 (CN stretching 
mode) at both temperatures. With the same conditions but with an excitation 
wavelength of 633 nm and a laser power of 12 mW, Raman spectra recorded at high 
and low temperatures are not very clean. Actually, with a red excitation, the Raman 
signal from 1,4-benzendithiol (main frequencies: 629, 738, 1056, 1092 and 2560 cm-1) 
is stronger than that of the iron complex. Moreover, the background produced by the 
silicon substrate is important in the range between 600-700 cm-1. For this reason it is 
very difficult to see the peaks at 645 or 675 cm-1. Previous Raman experiments have 
highlighted that it is necessary to have a minimum of ca. 100 nm film thickness to 
detect the spectrum of the iron complex with our Raman spectrometer. From the AFM 
image we can safely deduce that the film thickness in the present case is certainly 
much less than 100 nm. Thus it is apparent that there must be an enhancement 
mechanism so as to observe Raman signal from this sample. We believe that this 
enhancement should be the plasmon resonance of gold nanoparticles (SERS effect). 
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The plasmon resonance for gold nanoparticles with 20 nm of diameter is around 520 
nm, so the SERS effect will be maximal for the green excitation (532 nm). SERS 
effect can explain why we can detect Raman signal with only 5 deposited cycles. 
However, it is not the only effect as we can infer from the intensity difference 
between red and green excitation. Actually, this difference is detectable on the powder 
too. The other effect is the resonant Raman enhancement because the green spectral 
range corresponds to an absorption band of the iron complex. Indeed, the Raman 
signal of the iron complex is multiplied by ca. 6 when the excitation is at 532 nm 
(compared to 633 nm). We can thus tentatively distinguish 
surface-enhanced-resonance-Raman SERRS (532 nm) and SERS (633 nm) effects. 
One shall note also that the excitation at 785 nm did not allow us to observe a Raman 
signal from the sample. This observation is in agreement with the fact that the 
enhancement should decrease when the excitation wavelength is getting far from the 
green spectral region. 
 

 

Figure 3 Raman spectra of FePt(pz) powder in the low spin and high spin states for 
excitation wavelengths of 632.8 nm (a) and 532 nm (b). (The background was 
removed.) 
 
In summary, the Fe(pz)[Pt(CN)4] system allowed us to demonstrate the usefulness of 
the SERS approach for obtaining the spectral signature of very thin (5 nm) layers of 
SCO complexes. On the other hand, a few drawbacks of the SERS approach have 
been also highlighted, which must be considered for the further development of this 
method in this field. First of all, the extreme surface sensitivity of the method leads to 
the exaltation of the signal mainly from the first deposited layer, which is often not 
representative for the ensemble of the film due to the possible presence of impurities, 
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anchoring layers (thiols in our case) or distorted/incomplete coordination 
environments around the Fe(II) ions. This fact – together with the modification of the 
selection rules - can explain the presence of additional peaks in the spectra when 
compared to the bulk complex. Resonance effects may be used to obtain more sample 
selectivity. In a few cases, we observed also strong spectral fluctuations and the 
emergence of broad bands between ca. 1000 – 1600 cm-1. This phenomenon can be 
assigned to the formation of carbonaceous species formed by the 
alteration/decomposition of the deposited molecules (and/or contaminants) due to the 
high field enhancement. Even in the absence of decomposition problems, significant 
and uncontrolled sample heating and/or photoswitching may arise, which are of 
course undesirable phenomena in the context of spin transition studies. An 
optimization of the field enhancement seems thus inevitable in each case. 
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4.2 Sumitted Article: Gold Nanoparticles on Spin Transition Device 
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Conclusions et perspectives - Conclusions and Perspectives 

Au cours de cette thèse, nous avons recherché la synthèse et la fonctionnalisation de 
AuNPs ainsi que leurs applications dans divers domaines. 
 
La première mise au point figurant dans le premier chapitre nous a donné l’occasion 
de nous pencher sur les très nombreuses méthodes de synthèse des AuNPs en fonction 
des applications souhaitées et de résumer et rassembler une bibliographie très fournie 
jusqu’à cette année et toujours en pleine croissance. Il est à présent possible, en 
particulier, de prédéfinir la taille et la morphologie des AuNPs ainsi que leur 
habillage. 
 
La seconde mis au point a concerné la vectorisation du docétaxel à l’aide de 
l’ingéniérie nanotechnologique. Etant donné les effets toxiques très sévères du 
taxotère, la formulation classique du docétaxel, de nombreuses recherches ont été 
menées afin de solubiliser et de vectoriser de façon la plus appropriée possible ce 
puissant medicament anti-cancer en optimisant la proportion administrée susceptible 
d’atteindre sélectivement les cellules cancéreuses. Ces recherches ont été menées afin 
de metre au point de nouvelles formulations plus performantes que celles du taxotère. 
Il est remarquabe de constater que, malgré une efficacité anti-cancéreuse au moins 
équivalente et sans doute même supérieure à celle du taxol, la formulation du 
paclitaxel, les tentatives d’essais cliniques sur de nouvelles formulation du docétaxel 
soit aussi peut nombreuses en regard de la litérature très fournie sur les recherches 
nanotechnologiques fondamentales de vectorisation. 
 
Sur la base de ces études bibliographiques (chapitre 1), les travaux expérimentaux de 
thèse ont donné lieu à des synthèses et fonctionnalisations de AuNPs dans divers 
secteurs et rassemblés dans les trois chapitres 2-4. 
 
D’une façon générale, après synthèse de AuNPs selon la méthode classique 
biphasique de Brust-Schiffrin, la fonctionnalisation est assurée soit par réaction 
“click” entre un azoture et un alcyne terminal, soit par couplage amidique covalent 
(plus classique, mais la plupart du temps de mise en oeuvre expérimentalement plus 
difficile), ou bien encore par interaction supramoléculaire, c’est-à-dire par liaison 
ionique, hydrogène ou encapsulation dans les branches de la AuNP. Toutes ces 
approches ont été réalisées dans ce travail de thèse selon les besoins.  
 
Concernant la réaction “click” dont la mise en oeuvre est, par définition, si facile en 
chimie organique classique et moléculaire sub-nanoscopique selon le concept relevant 
de la chimie verte de Sharpless, l’extension aux AuNPs a posé d’énormes difficultés 
en raison de l’aggolomération rédibitoire des AuNPs se trouvant au contact du 
catalyseur au Cu(I). Dans le catalyseur de Sharpless, le Cu(I) est très faiblement 
ligandé, ce qui résulte de la facilité affichée de mise en oeuvre à partir simplement de 
sulfate de cuivre et d’ascorbate de sodium en solvant organique ou aqueux. Dans ces 



 

159 

 

conditions, d’une part l’ion métallique est exposé à des interactions prononcées 
provoquant l’agglomération extensive, d’autre part son activité catalytique est 
modeste ou très insuffisante à température ambiante. Le nouveau catalyseur 
[Cu(I)(hexabenzyltren] Br permet à la fois de protéger le Cu(I) vis-à-vis de 
l’aggrégation par une bonne sphère de coordination tétradentate du ligand azoté et un 
accroissement de la densité électronique sur le centre métallique conduisant à une 
activité catalytique très accrue dès la temperature ambiante. Enfin le catalyseur est 
beaucoup plus facilement séparé des AuNPs que dans le système de Sharpless. 
Concrètement, ceci a abouti à un abaissement de la stoechiométrie en Cu(I) de 400% 
avec le catalyseur classique de Sharpless à 10% pour les fonctionnalisations variées 
avec notre catalyseur [Cu (I)(hexabenzyltren] Br pour la fonctionnalisation des 
AuNPs (chapitre 2). 
 
Concernant la fonctionalisation à l’aide du récepteur folate positionné en bout de 
chaîne polyéthylène glycol afin d’assurer un bon contact externe à l’approche des 
cellules cancéreuses, le couplage amidique déjà connu a été mis en oeuvre (chapitre 
3). 
 
La fonctionnalisation non covalente, supramoléculaire, est extrêmement utile, 
d’autant qu’elle est très facile de mise en oeuvre par simple contact pourvu que le 
système moléculaire ou nanoscopique ait été au préalable correctement organisé. 
C’est ainsi que nous avons avantageusement mis à profit les effets hydrophiles et 
hydrophobes respectifs de l’intérieur de la AuNP et du milieu extérieur (solvant) pour 
l’encapsulation et le transport de substrats tells que le docétaxel ou diverses vitamines 
(chapitre 3). 
 
Enfin, l’expérience du laboratoire et la nôtre propre nous a permis de varier les modes 
de synthèse des AuNPs en comparer la méthode directe de synthèse à partir de 
HAuCl4, mais qui n’est pas compatible avec la majorité des fonctions organiques et 
inorganiques, avec d’autres méthodes plus élaborées, mais bien plus efficaces.  
 
C’est ainsi que nous avons étudié les différentes conditions d’échange de ligand 
thiolates par de nouveaux ligands fonctionnels thiols, accompagné par le transfert de 
l’atome d’hydrogène acide du ligand rentrant vers le thiolate sortant. Cette méthode 
mise au point à la fin des années 1990 par Murray a été souvent utilisée ici. 
Cependant, une méthode plus originale que cette dernière a été recherchée en raison 
du caractère limité des possibilités de la réaction d’échange de ligands de Murray.  
 
Ainsi, les ligands “click”, c’est-à-dire 1,2,3-triazoles ont été directement introduits sur 
les AuNPs par synthèse directe, et les nouvelles AuNPs ont été complètement 
caractérisées. Elles sont stables dans l’eau avec les ligands triazole-polyéthylène 
glycol, et elles peuvent facilement échanger rapidement tous leurs ligands avec des 
ligands thiolate fonctionnels ou un mélange en proportion precise de tels ligands 
fonctionnels. 
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Ces nouvelles AuNPs très originales comportant les nouveaux ligands 1,2,3-triazoles, 
de par leurs propriétés de stabilité et de labilité des ligands triazoles, possèdent des 
possibilités d’applications variées en tant que capteurs, comme nous l’avons démontré 
grace à la variation de l’absorption plasmonique avec l’ATP et la vitamine C dans 
l’eau, et probablement en catalyse d’oxydation, en plus de leurs propriétés très utiles 
de substitution de ligands pour les syntheses les plus sophistiquées (chapitre 3). 
 
L’introduction de complexes du Fe(II) à transition de spin constitue un exemple de 
synthèse de nanomatériaux. Cette collaboration a permis à l’équipe d’Azzedine 
Bousseksou d’envisager l’étude de la transition de spin entre les complexes à bas spin 
(zero) et haut spin (deux) en particulier par la méthode SERS (spectroscopie Raman 
exacerbée par le champ au voisinage immediate des AuNPs). La décroissance 
exponentielle de cet effet Raman au fûr et à mesure de l’éloignement de la surface 
implique que les centres Fe(II) soient extrêmement proches de cette surface, ce que 
nous avons probablement sous-estimé dans une première approche. Cependant, le 
travail d’ensemble du groupe toulousain sur ces matériaux a récemment permis de 
soumettre un article en collaboration pour publication (chapitre 4).  
 
Au bilan, notre thèse a permis des avancées dans la mise au point des connaissances 
actuelles sur la synthèse des AuNPs et la vectorisation du docétaxel et, sur le plan 
experimental, de faire avancer de façon conséquente l’ingéniérie d’élaboration et de 
fonctionnalisation des AuNPs, et ainsi d’ouvrir de nouvelles utilisations et 
d’applications potentielles des AuNPs dans les domaines de la nanomédecine et des 
nanomatériaux. 
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English  
In this thesis, we investigated the synthesis and functionalization of AuNPs and their 
applications in various fields. 
 
The first development in chapter 1 figure out the development has given us the 
opportunity to reflect on many methods for the synthesis of AuNPs according to 
desired applications and compile a summary of literatures until this year and still 
growing. It is now possible, in particular, to predefine the size and morphology of 
AuNPs. 
 
The second development contained the vectorization of docetaxel using the 
nanotechnology engineering. Due to the severe toxic effects of taxotere, the classic 
formulation of docetaxel, a lot of investigations have been conducted to solubilize and 
vectorizing of docetaxel, which was considered to be the most appropriate way to 
deliver this powerful anti-cancer drug to cancer cells. This research was conducted to 
developed new formulations more efficiency than taxotere. It is remarkable noted that, 
the anti-cancer efficacy of docetaxel at least equivalent and probably even greater 
than that of Taxol, the paclitaxel formulation. However, a lot of literatures still attempt 
to investigate new formulations of docetaxel in clinical trials, which provided a basic 
nanotechnology research on vectorization. 
 
Based on these literature reviews (Chapter 1), the experimental works led to synthesis 
and functionalization of AuNPs in different areas and gathered in the three chapter 2-4. 
 
Generally, after synthesis of AuNPs using the traditional two phase Brust-Schiffrin 
method, the functionalization reaction is carried out by "click" between an azide and a 
terminal alkyne, or by covalent amide linkage (more classical, but always difficult in 
experiment), or alternatively by supramolecular interaction, that is to say by ionic 
bond, hydrogen or encapsulation in the branches of AUNP. All these approaches have 
been made in this thesis as required. 
 
The "click" reaction is easily implemented in classical organic chemistry and 
sub-nanoscopic molecular chemistry under the concept of green chemistry by 
Sharpless.  The extension of AuNPs has posed enormous difficulties due to the 
aggolomeration of AuNPs being contact with the catalyst Cu (I). In the Sharpless 
catalyst, Cu (I) is very weak liganded, easily generated from the copper sulfate and 
sodium ascorbate in aqueous or organic solvent. Under these conditions, the metal ion 
exposing to the interactions caused extensive agglomeration or AuNPs, on the other 
hand, its catalytic activity is modest or very poor at room temperature. The new 
catalyst [Cu (I) (hexabenzyltren] Br allows both to protect the Cu (I) from the 
aggregation by a good coordination sphere of the tetradentate ligand nitrogen and 
increase in electron density on the metal center leading to an increased catalytic 
activity at room temperature. Finally the catalyst is easily separated from the AuNPs 
than that of the Sharpless system. In practice, this resulted in a decreasing of the 
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stoichiometry of Cu (I) 400 % with the conventional catalyst Sharpless to 10% for 
various functionalizations with our catalyst [Cu (I) (hexabenzyltren] Br for the 
functionalization of AuNPs (Chapter 2). 
 
Concerning the folate functionalization of gold nanoparticles, the already known 
amide coupling was used to introduce the folate receptor at the termini of 
polyethylene glycol chain on gold nanoparticles to target the cancer cells. (Chapter 3) 
 
The non covalent functionalization, supramolecular, is extremely useful, especially 
since it is very easy to prepare. The provided nanoscopic or molecular system has 
been properly organized in advance. Thus we have advantageously used the 
hydrophilic and hydrophobic effects related to the AuNP inside and the outside 
environment (solvent), respectively, for encapsulation and transportation of substrates 
as docetaxel or various vitamins (Chapter 3 ). 
 
Finally, laboratory experience and our own knowledge allowed us to vary the methods 
of synthesis of AuNPs compared with the direct synthesis from HAuCl4. However, it 
is not compatible with the majority of organic and inorganic functions, but compared 
with other more sophisticated methods, it is much more effective. 
 
Thus, we studied the different conditions of thiolate ligand exchange with new 
functional thiol ligands, accompanied by the transfer of the acidic hydrogen atom in 
ligand returning to the leaving thiolate. This method developed in the end of 1990s by 
Murray was commonly used here. However, a more original method was investigated 
due to the limited possibilities of the Murray’s ligand exchange reaction. 
 

Thus, the ligands "click", 1,2,3-triazoles were directly introduced into the AuNPs by 
direct synthesis, and new AuNPs were fully characterized. They are stable in water 
with polyethylene glycol-triazole ligands, and can easily substitute all their ligands 
rapidly with thiolate ligands or with mixed thiolate ligands in precise proportion . 
 
These very original AuNPs with the new ligands 1,2,3-triazoles have various potential 
applications as sensors (due to the variation of the plasmon absorption with ATP and 
vitamin C in water) and probably in oxidation catalysis. In addition, their useful 
properties on ligand substitution could be investigated in more sophisticated syntheses 
(Chapter 3). 
 
The introduction of complexes of Fe (II) spin transition is an example of synthesis of 
nanomaterials. This work collaborated with Azzedine Bousseksou’s group was aim to  
study the spin transition between low-spin complex (zero) and high spin (two) in 
particular by the SERS method (detected by Raman spectroscopy field in the 
immediate vicinity of AuNPs). The exponential decay of the Raman effect as and 
when the distance from the surface implies that the Fe (II) are extremely close to the 
surface, what we have probably underestimated in the first approach. However, the 
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overall work of the band from Toulouse on these materials has recently allowed us to 
submit an article for publication in collaboration (Chapter 4). 
 
In sum, our thesis has led to advances in the development of current knowledge on the 
synthesis of AuNPs and the vectorization of docetaxel. Thus, the engineering of 
AuNPs on development and functionalization open a new utilization and potential 
application of AuNPs in nanomedicine and nanomaterials fields. 


