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Nanoparticules d'or: fonctionnalisations et applicdions vers

la nanomédecine et les nanomatériaux

Résumé:

La thése a été consacrée a la synthese, fonctisatiahs et application bimédicales et pour les
matériaux de nouvelles nanoparticules d'or. Le mariicomporte d’abord des contributions
substancielles a leur étude bibliographique ainsi @ vectorisation du docétaxel. Sur le plan
expérimental, des nanoparticules d’or fonctionseltmt été synthétisées avec pour objectif
I'élaboration de nanomatériaux pour applicatiorsri@dicales et propriétés physiques originales.
L'étude de la fonctionnalisation a conduit & wélisa chimie “click” entre des nanoparticules d’or
portant des ligands thiolates azoturés et des edcigrminaux en utilisant un catalyseur au cuivre
(I) dont le centre métallique est stabilisé et #tetquement enrichi par un ligand tétra-azoté, ce
qui a permis d'introduire des fonctions trés vagiéen particulier le récepteur folate a été greffé
de facon covalente pour la synthese de nouveautewscdu docétaxel, un puissant agent
anti-cancéreux dont I'étude in vitro vis-a-vis deldes cancéreuses est menée en collaboration
par les laboratoires de I' Institut Bergonié de diaux et la Faculté de Pharmacie de
Chatenay-Malabry. Des nanoparticules d’or fonctel®@s ont aussi servi de support pour le
greffage de complexes du fer (ll) & transition pi@,sce qui a permis de réaliser I'étude en 2D par
différentes techniques physiques en collaborativac al'équipe d’Azzedine Bousseksou a
Toulouse. Enfin les nanopatrticules d’or ont servitemplates pour I'encapsulation de vitamines
variées et un nouveau ligand azoté a été mis ant pour la synthese de nanoparticules d’or
originales avec diverses applications en synthéseatiomtériaux et reconnaissance moléculaire
(ATP et vitamine C).

Gold Nanoparticles : Functionalizations and Applicdions in

Nanomedicine and Nanomaterials

Abstract

The thesis was devoted to the synthesis, funcizatan and biomedical application for gold
nanoparticles. The first chapter of this manusciiimiudes the contributions to the literature
review of gold nanoparticles and the vectorizatdbrdocetaxel. Experimentally, functional gold
nanoparticles were synthesized with the aim of kgpweg nanomaterials for biomedical
applications and original physical properties. Shely of functionalization by “click” was carried
out between gold nanoparticles with thiolate ligamdides and terminal alkynes using a copper
catalyst (). The metal center of the catalyst lisceonically stabilized and enriched by a
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tetra-nitrogen ligand, which has introduced a vgrief functions of gold nanoparticles. In
particular, the folate receptor was covalentlyddtrced to for vectorizing docetaxel, a potent
anticancer agent whosa vitro study on cancer cells is conducted in collabonatidth the
laboratories of the Bergonie Institute of Bordeaaxd the Faculty of Pharmacy of
Chatenay-Malabry. Functional gold nanoparticlesehalso served as a support for grafting
complex of iron (II) spin transition, which helpednduct the study in 2D by various physical
technigues in collaboration with the team AzzedBmusseksou in Toulouse. Finally the gold
nanoparticles were used as templates for encajpsulat various vitamins and a new nitrogen
ligand has been developed for the synthesis of gattbparticles with various original synthetic
applications of molecular recognition and nanoniaie(ATP and vitamin C).

Keywords: Gold nanoparticles, Docetaxel, Vitamins, Bioseéas@atalyst, Nanomedicine
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Introduction générale - General Introduction

Les nanoparticules d’or (AuNPs) ont suscité de teasps beaucoup d’intérét et de
curiosité, et les recherches dans ce domaine stdévablement accélérées durant ces
dernieres années en raison de leurs applicatiorsptgue (liées a leur absorption
plasmonique), catalyse et nanomédecine (diagnesticérapie) La chimie se situe
au cceur de ce domaine car l'ingénierie qui préaitke mise en place d’applications
est entre les mains des chimistes. C’est pourqgatie chése est consacrée a de
nouvelles stratégies de synthéses et de fonctisatiahs des AuNPs dans la
perspective d’applications en nanomédetifeectorisation) et dans le champ des
matériaux (transition de spjn On peut d'ailleurs aussi envisager que ces travke
thése sur l'ingénierie des AuNPs trouveront enabeaitres applications (optique,
diagnostic, capteurs, catalyse; voir la conclugibles perspectives).

Le premier chapitre, bibliographique, comprend deuges au point substantielles:
'une, soumise a publication, sur les différentppraches de synthése des AuNPs,
l'autre, publiée & ChemMedChémsur la vectorisation du docétaxel, un puissant
anticancéreux de la famille des taxanes découvertieen ceuvre par Pierre Potier.
Trois chapitres expérimentaux suivent.

Le deuxieme chapitre concerne I'amélioration difectionnalisation des AuNPs par
catalyse par un nouveau complexe du cuivre (Dadarihcipale réaction dite “click”,
c'est-a-dire de la réaction de Huisgen entre ugnalcterminal et un azotuteCe
nouveau catalyseur permet de diminuer de faconidénmable la quantité de Cu(l) mis
en jeu, d’éviter 'agrégation des AuNPs et est igoidl ici a des fonctionnalisation tres
variées’

Le troisieme chapitre décrit la fonctionnalisatiate fagcon biocompatible (a
terminaisons polyéthylene glycols) des AuNPs avewrpobjectif direct la
vectorisation dite “active” (c’est-a-dire comportam récepteur, I'acide folique) du
docétaxel vers des cellules cancéretiSeSette vectorisation “active” s'ajoute a la
vectorisation dite “passive” (moins spécifique) e par I'effet de perméabilité
accrue des micro vaisseaux formés dans les tissaeeéreux qui attirent
préférentiellement les polyéthyléne glycols.

Le quatrieme chapitre concerne la fixation de caxgd du Fe(ll) a transition de
spirt (entre I'état bas spin 0 & basse température (§tat haut spin 2 & haute T) sur
des AuNPs afin d’assurer la formation d’'un réseaduisant une coopérativité
responsable d’'une hystérésis (matériaux a mémeire la structure électronique
moléculaire et ce réseau organisé. L'équipe d’Armedousseksou au LCC de
Toulouse a utilisé la spectroscopie Raman exacqybédéa surface des AuNPs (dite
SERS, Surface Enhanced Raman Spectroscopy) poter tele caractériser la
transition se spin dans ces matériaux.



En fin de mémoire, les “Conclusion et perspectivessument les avancées de nos
travaux de thése sur lI'ingéniérie de fonctionnéilisades AuNPs et leurs applications
potentielles. Les perspectives résident dans legrigtés biomédicales des AuNPs y
compris les travaux actuels en collaboration suvdetorisation du docétaxel et, a
terme, dans les propriétés concernant le diagndatfghoto thérapie, les capteurs, les
matériaux a propriétés optigues et la catalyse

English

Gold nanoparticles (AuNPs) have raised great isteend research in this area has
accelerated dramatically in recent years due tw #pplications in optics (related to
their plasmon absorption), catalysis and nanomeeliqdiagnosis and therapy).
Chemistry at the heart of this area treat as eegimg who presides over the
development of applications in the hands of chemi$hat is why this thesis is
devoted to new strategies for synthesis and funatipation of AUNPs with a broad
applications in nanomedecfe(vectorization) and in materials fields (spin
cross-ovel). We can also consider that this work on the exejimg of AUNPs opens
other potential applications (optical diagnostgsnsors, catalysis, see the conclusion
and perspectives).

The first chapter, literature research contains swlesections: the first subject was the
publication on the different approaches to synthesi AuNPs, the other one,
published in ChemMedChénwas vectorization of docetaxel. Docetaxel is a gdu
anti-cancer drug of the taxane family discovered developed by Pierre Potier.
Three experimental chapters will follow.

The second chapter concerns the improvement oftiuradization on AuNPs
catalyzed by a new complex of copper (I) catalgstiie main reaction called “click”,
i. e. the Huisgen reaction between a terminal akgnd azide This new catalyst
reduces significantly the amount of Cu (l) involyadoid the aggregation of AUNPs
and yielded a variety of functionalizatiohs.

The third chapter describes the biocompatible @blylene glycol terminated)
functionalized AuNPs with docetaxel as "active" teezation (that is to say
comprising a receptor, folic acid) for cancer céfls This "active" vectorization
stands together with the "passive" vectorizatioesg| specific) provided by the
enhanced permeability and rétention (EPR) effectno€ro-vessels formed in
cancerous tissues that have higher affinity foygiblylene glycols than normal cells
do?”’

The fourth chapter concerns the design of nanodsviavolving Fe (ll) spin
cross-over complexagtransition between the low spin state 0 at lomperature (T)
and the high spin state 2 at high T) on AuNPs tsuenformation of a network for
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inducing cooperativity between the molecular elmutr structure and lattice resulting
in hysteresis (memory materials). The team of AmmedBousseksou at LCC in
Toulouse has used Raman spectroscopy enhancecke lsutface of AuNPs (called
SERS, Surface Enhanced Raman Spectroscopy) inptdm characterize the spin
cross-over materials.

At the end of the thesis manuscript, the "Conclusamd Perspectives" section
summarizes the progress resulting from our thesr& woncerning the engineering of
functionalization of AuNPs and their potential apations. Prospects lie in the
biomedical properties of AuNPs including current rkvacollaboratively on the
vectorization of docetaxel and finally on the diagis, the photo therapy, sensors,
optical properties of materials and catalysis.
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Chapter 1
Overview on the Preparation of Gold Nanopatrticles ad

Nanotechnology on Docetaxel delivery
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1.1 Introduction

Two literature reviews are included in this chaptEne first work is the review
prepared in collaboration with Li Na on the synikes AUNPs. AuNPs have attracted
considerable interest and driven a variety of piraéapplications in catalysis, biology,
and optics. Indeed, more than 70 000 publicati@ve lappeared on AuNPs up to date.
In 2004, our group has published a comprehensivaewe entitled “Gold
Nanoparticles: Assembly, Supramolecular ChemistQuantum-size Related
Properties, and Applications towards Biology, Cgtaé and Nanotechnologyélso
including in its introduction the fascinating histal aspects since antiquity. This
review was cited more than 4000 times up to nous thappeared necessary to write
a new uptaded review on the synthetic asects imgucecent improvements which
have recently been disclosed in the literature endynthesis of AuNPs of various
types.

The second review concerns the current docetaxabteehnology. Docetaxel has
gained consideration since it was discovered amneldped by Pierre Potier at the
CNRS in France during his work on the improvemaesftshe production of taxol.
Compared with other present anticancer drugs, dretthas a broad spectrum of
activity against a variety of tumors. Thus, it issentiel to concentrate on the
docetaxel delivery systems in cancer therapy. @tiser our group and the group in
Chatenay-Malabry have collaboration work on presteancer therapy. Thus, this
literature research can also help us to underdtandole of AUNPs and docetaxel on
prostate tumor cells. (see the first part of chaje
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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 Libération433 Talence Cedex, France.
E-mail: d.astruc@ism.u-bordeauxl.fr
Abstract
General principles and recent developments in imthesis of gold nanoparticles
(AuNPs) are reviewed. Thert'situ’ Turkevitch-Fens and Schiffrin-Brust methods are
still major synthetic routes, with citrate and tate ligands respectively, that have
been improved and extended to macromolecules imgusiomacromolecules with a
large biomedical potential of optical and theramosipplications. Along this line,
however, recently developed seed-growth methods hHlowed a precise control of
AuNP sizes in a broad range and multiple shapeblPSuand core@shell bimetallic
MAUNPSs loosely stabilized by nitrogen and oxygeona of embedding polymers
and dendrimers and composite solid-state mater@isaining AUNPs with supports
including oxides, carbons, mesoporous materialsrmaakkcular organic frameworks
(MOFs) have attracted much interest because af ¢h&lytic applications.

Keywords: Gold, nanoparticle, cluster, seed-growth, coreégdshthiol, 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 reduciggra
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 fromMdPs

2.1.2.3. Determination of the number of thiolagahds
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 functionhldls
2.1.2.5.3 Thiolate-thiol ligand substitution readati
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2.1.2.5.4. Functionalization of pre-formed AuNPs
2.1.3. Schmid’s Agscluster 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 reverseelle formation
2.3.2. Surfactant-stabilized AuUNPs with reversegaitécformation
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 (AuNRSs)

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 considerelisclose unique physical and
chemical properties different from those of thekbstate or atoms, due to the
quantum size effect resulting in specific electeosiructures:” Gold nanoparticles
(AUNPs) are probably the most remarkable membéhemetal NP group™ They
have attracted considerable interest and driveargety of potential applications in
catalysis-**biology?*?® and optic$’?° Indeed, more than 70 000 publications have
appeared on AuNPs up to date. In 2004, one of gsther with M.-C. Daniel
published a comprehensive review entitlé@old Nanoparticles: Assembly,
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Supramolecular Chemistry, Quantum-size Related éttegs, and Applications
towards Biology, Catalysis and Nanotechnologwl5o including in its introduction
the fascinating historical aspects since antiqiigte we are specifically focusing on
the principles and most recent improvements disdos the literature on the
synthesis of AUNPs of various types.

After the seminal report by Faraday in 1857 the reduction of a tetrachloroaurate
solution by phosphorous in carbon disulfide (a bgb reaction), the preparation of
AuNPs with controlled sizes and shapes has raisegkased attention during the
second half of the XXth century. The breakthroulgage been those by Turkevitch in
1951 with the citrate method improved by Fens i3 3hen in 1981 with Schmid’s
report of a Ags-phosphine cluster and the notion of quantum dhamn toy Mulvaney
and Giersing in 1993 with the first synthesis atab#ization of AUNPs by thiolates,
and finally by the Schiffrin group in 1994 with theport of the illustrious and most
convenient Brust-Schiffrin biphasic method of thiel-stabilized
AuNPs’Sophistications of these methods during the lasade have now led to
promising applications.

AuNPs can be prepared by both “top down” and “butigp” approaches. For “top
down” procedures, a bulk state Au is systematidatbken down to generate AuNPs
of desired dimensions. In this case, particle abbeand formation is controlled by a
pattern or matrix. However, the “top down “methadimited concerning the control
of the size and shape of particles as well as éurfilnctionalizatiori® In contrast, in
the “bottom up” strategy, the formation of AuNPsigorates from individual
molecules, because it involves a chemical or bioligreductior® This chemical
reduction method involves two steps: nucleation sadcessive growth. When the
nucleation and successive growth are completettiénsame process, it is called
situ synthesis; otherwise it is called seed-growth wetHor thein situ synthesis
method, we will focus on the preparation of sprarar quasi-spherical AUNPs. For
the seed-growth method, we will concentrate onpgteparation of AUNPs having
various sizes and shapes. In addition, we will uisc methods of AuNP
functionalization. This review is not comprehensibat it is limited to the essential
and most useful preparation methods of AUNPs aei ilmprovements, in particular
the most recent development.

2.1n situ synthesis

In general, the preparation of AUNPs by chemicdlicgion contains two major parts:
(i) reduction using agents such as borohydrides,n@moranes, hydrazine,
formaldehyde, hydroxylamine, saturated and unstgdralcohols, citric and oxalic
acids, polyols, sugars, hydrogen peroxide, sulfiemrbon monoxide, hydrogen,
acetylene, and monoelectronic reducing agents dmgu electron-rich
transition-metal sandwich complexes; (ii) stabtiaa by agents such as trisodium
citrate dehydrate, sulfur ligands, phosphorous nliiga nitrogen-based ligands,
oxygen-based ligands, dendrimers and polymers.id ls#tu synthesized AuNPs are
also used for the seedgrowth or further functi@aion. In this section, we will
review the various 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 gent

Among all thein situ syntheses of AUNPs by reduction of HAwGlitrate-stabilized
AuNPs has been regarded as the most popular omes long time, since their
introduction by Turkevitch in 195¥The synthetic route is shown in Figure 1. The
HAuCl, solution is boiled, and the trisodium citrate dirgte is then quickly added
under vigorous stirring. After a few minutes, thenevred colloidal suspension is
obtained, and the AuNP size is about 20 nm. In 197@&n$® reported an
improvement, i.e. a broad size range of AUNPs (fidro 150 nm) was obtained by
controlling the trisodium citrate to Au ratio. Howe, particles larger than 20 nm
were always polydispersed. The histogram of sizgridution could be readily
determined by transmission electron microscopy (JEM
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Figure 1. Synthetic route for the Turkevitch method

Recently, several research groups have improveduhesvitch-Fens method in order
to promote the convenient use of citrate-stabiliz&dNPs. In particular, the
mechanism of AuNPs formation using this synthetiate has been examined in
details®***Kimiling et al indicated that a high concentration of citraterenmpidly
stabilizes the AuNPs of smaller size, whereas adoncentration of citrate leads to
large-size AuNPs and even to the aggregation of PafiIKumaret al showed the
variation of AuNPs size with various ratios of iait citrate concentration to
HAuCl,*’Peng’s grouf reported that the presence of a citrate salt atmtige pH of
the system and influences the size and size disiwib of AUNPs. On this basis, they
synthesized nearly monodispersed AuNPs with siaaging from 20 to 40 nm by
simply varying the solution pH. Inspired by Pengisrk, other groups considered the
pH influence on citrate-capped AuNB%? Other improvements of the Turkevitch
method, such as controlling the temperature of phecess? introducing the
fluorescent light irradiatiofifand using high-power ultrasoufd$ivere recently
reported.

The size of citrate-stabilized AuNPs was alwaysatgrethan 10 nm, due to the poor
reducing ability of trisodium citrate dihydrate. Amtriguing result about
citrate-stabilized AuNPs was reported in 2010 bytBsis groug’ DO was used as
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the solvent instead of @ during the synthesis of AUNPs. As shown in Figdiréhe
size of the AuNPs was tailored to 5 nm. It was dahed that DO increased the
reducing strength of citrate.
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Figure 2. Optical (UV-vis. spectroscopy) and moilphaal (TEM) characterization
of AuNPs synthesized using various solvents: 100% top), 50% BRO/H,O
(middle), and 100% D (bottom). Inset graphs in TEM images show thee siz
distribution measurements of Au NPs. Inset imagdd\V-vis. spectra show colors of
AuNPs solutions. These figures are representativihree separated experiments.
Reprinted with permission from ref 47(Puntes’s gnouCopyright 2010 American
Chmical Society.

2.1.1.2. Citrate as a stabilizing agent only
In general, citrate plays a role not only as aibtatg agent but also as a reducing
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agent. As discussed above, due to the poor redwapgcity of trisodium citrate
dihydrate, the preparation of AUNPs requires a heghperature. Slot discovered a
new way to prepare AUNPSs using a mixture of taagid/citrate solution. In this case,
tannic acid plays the role of a reducing agentemdgtof citrate, and the AuNPs are
obtained at 60°¢*Then Natan's group introduced a method using eitras a
stabilized agent only and NaBHs a reducing agefit.The AuNPs were obtained
upon adding the NaB#titrate mixture into the HAuGbolution at room temperature.
With this method, the size of AUNPs is tailoredstmm, which compares with sizes
beyond 20 nm using the traditional Turkevitch mettho

2.1.1.3. Reversed addition method

Very recently, another remarkable modification &ife tTurkevitch method was
reported. The experiments involved the reversedrosfladdition that was conducted
by adding HAuC{ to the citrate solution, producing monodispersetRs with small
size (less than 10 nm}.>*

In summary, the size of the citrate-stabilized AgsNfPoduced byn situ synthesis is
between 5 nm and 150 nm. When the size is decreaskdively monodispersed
AuNPs are obtained, whereas when with the sizaaseased (especially > 20 nm)
polydispersed AuNPs are obtained. Citrate-stahilixaNPs were also used in further
preparation or functionalization such as ligandssitition reaction and seed-growth.

2.1.2 Brust-Schiffrin method

2.1.2.1. Synthetic procedure

Thiolate-stabilized AuNPs were first reported by ey and Giersig? who
showed the possibility of using alkylthiols withri@aus chain lengths to stabilize the
AuNPs. The two-phase Brust-Schiffrin method, puigs in 1994, was the first
reported method to prepare the thiolate-stabil&eNPsvia in situsynthesis, and has
therefore met a great succéddts high impact is due to (i) facile synthesisambient
condition; (ii) relative high thermal and air st#lyiof the AUNPs prepared in this way;
(i) repeated isolation and re-dissolution with@aggregation or decomposition; (iv)
control of the small size (less than 5 nm) withraar dispersity; (v) relatively easily
functionalization and modification by ligand subgiion. In this Brust-Schiffrin
procedure, as shown in Figure 3, anioni¢"Ain the form of AuCJ, is transferred to
the toluene phase by ion pairing with the lipoghtktra(octylammonium) cation of
the phase-transfer agent tetra(octylammonium) enfTOAB). Then the freshly
prepared reducing agent NaBhs quickly and dropwise added with vigorously
stirring in the presence of dodecanethiol. The rcalmanges from orange to deep
brown, which indicates the formation of AUNPs. AulN&e stabilized by relatively
strong Au-thiolate bonds, their diameters are e2kb nm range, and their shapes are
cuboctahedral and icosahedral. Due to the nuclegtiowth-passivation kinetics
model by which the sulfur-containing agents inhithie growth proces¥;>® larger
S/Au mole ratios give smaller average core sizest NaBH addition and cooled
solutions also produce smaller, more monodispefgeédPs. During the reaction of
the thiol with growing AGNPs, the H atom of the thiol is lost, presumably by
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oxidative addition of the S-H bond onto two contigs A atoms of the AuNP
surface. The fluxional properties of the Au-H bowdsthe AuNP surface can provide
the fast walking path of the H atoms on the surfacgl two Au-H bonds become
contiguous for H reductive elimination. Given the above advantagtds
Brust-Schiffrin method is now much in use for theegaration and application on
thiolate-liganded AuNP¥®Precise Au clusters have been synthesized usisg thi
method and purified (see 8§ 2.1.2.2). From the nata&ure point of view, it is best to
call clusters such small “NPs” that are precisdfireed without polydispersity (single
molecules), and to reserve the NP nomenclaturkeaases for which there is some
dispersity (mixture of several clusters), ever i§ilow?

AuCly—(ag) + N(CgH )yt (CgHsMe) —
N{CgH;7)st AuClL—(CiHsMe) (1)

mAuClL-(CeHsMe) + nCiaHasSH{CHsMe) + 3me— —
4mCl-(aq) + (Au,)(Ci2Hs5H),(CsHsMe)  (2)
Figure 3. Scheme of theBrust-Schiffrin method farN® synthesis. Reprinted with
permission from ref 53 (Schiffrin’s group). Copymig 1994 Royal Society of
Chemistry.

The Brust-Schiffrin method was extended in 1995amoimproved procedure upon
which thep-mercaptophenol-stabilized AuNPs were synthesinadethanol solution
without the phase-transfer agent TA&® this way, the introduction of TAOB
impurities was avoided. Indeed, methanol is an lexttesolvent for a single-phase
system, because both HAUGInd p-mercaptophenol are soluble. Any thiol that is
soluble in the same solvent as HAuSlich as methanol, ethanol or water allows the
use of a single-phase system for AuNP synthesithdrfollowing years, a variety of
publications concentrated on functional thiol ligestabilized AuNPs using the
single-phase  procedur&>®°®Brust's group prepared biocompatible and
water-soluble AuNPs capped by (1-mercaptoundechlieyraethylene glyc8? with
less than 10 nm. Dumter alia to the hydrophobic alkanethiol interior and tetra
(ethylene glycol) (TEG) hydrophilic shell, AuNPsasf great biomedical interest’*

in particular in the form of AuNPs capped with thted polyethylene glycols
(PEGs)’?"3

Very recently, a series of thiolate-stabilized AlNRere prepared by a modified
single-phase method. Sardar and Shumaker-Parnydinted 9-borabicyclo [3.3.1]
nonane (9-BBN) as a mild reducing agent for thetlssis of a series of
o-functionalized alkylthiolate-stabilized AuNP&he use of other thiolate ligands
such as bifunctional alkanethioldfé!” arenethiolaté®* and other functional
thiolate-stabilized AuNPS involving their synthesis from the corresponditipis
have also been reported.

The strength of the reducing agent used in Brubktffiiao method is much larger than
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that of citrate used in the Turkevitch method, a@cdording to Marcus theory the
reaction rate in AuNPs synthesis using NaBiB much larger than that of the
Turkevitch AuNP synthesis using citrate reducti@ndirect consequence is that the
size of the AuNPs synthesized using the NaBtdluctant is much smaller than that of
Turkevitch method using the citrate reductant.

2.1.2.2. Purification of precise Au clusters from ANPs

Various methods of purification and isolation oégse Au clusters from AuNPs that
are more or less polydispersed mixtures of sucktets have been experimented.
AuNPs with precise number of Au atoms and ligangshsas Ao (SC6)}3 (SC6 =
hexanethioffand Aus(SCHCH.Phx>®> have been synthesized using the
Brust-Schiffrin method. Murray’s grofip®® ®’has prepared Ay(SCHCH,Ph);s by a
modified version of the Brust-Schiffrin procedurda. this synthesis, AuGl was
phase-transferred from water to toluene, reactéld M6CHCH,Ph, and then reduced
by adding aqueous NaBHThe crude product AYSCHCH,Ph), was purified by
precipitation. For instance, the A(BCHCH,Ph)g and Au4o(SCH,.CH,Ph)swere
isolated from the crude product by precipitationagetonitrile, Ags(SCH,CH,Ph)g
being soluble in acetonitrile unlike AKSCHCH,Ph)s. The formation of
[octN'][Au 25(SCHCH,Ph)s] was confirmed by'H NMR, UV-vis., and mass
spectrometry, and the X-ray crystal structure lissttated in Figure 4. Further, the
yield was improved up to 50% by tuning the tempe®iand duration of the various
steps, and the formation of oxidized neutrabf\ygs was avoided. Sweenet al®
reported the purification and separation of watdwisle thiolated 3-nm AuNPs. In
this procedure, the solution of AUNPs is removeidgisa peristaltic pump through a
diafiltration membrane. Small molecule impurities small NPs are eluted in the
permeate, while the large NPs are retained. Thearelgrd view is that of a
hollow-fiber-type diafiltration membrane depictitige elution of small impurities and
NPs and the retention of larger particles. Korntsergroug®®introduced the
precipitation method to obtain of Ad(P-MBA) 44 (MBA: p-mercaptobenzoic acid).
The preparedP-MBA-protected AuNPs are precipitated by additionashmonium
acetate or NaCl and methanol and then collectea microfuge by centrifugation.
The pellets are allowed to dry in air, and theyissalved in water and purified by
fractional precipitation. The solution is adjusteding appropriate amounts of
ammonium acetate and methanol, and centrifuged few minutes. The supernatant
is centrifuged repeatedly until no further pre@petis formed, adjusted to appropriate
amounts of ammonium acetate, 80% methanol, andifceygd to give the purified
AuioP-MBA) 4. The final Au cluster products are characterizeg $EM,
MALDI-TOF MS, TGA and XPS%*%
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Figure 4. (left) X-ray crystal structure of [aNf][Au.s(SCHCH,Ph)s].*® The
icosahedral Aws core is surrounded by six X$R) semi-rings that are slightly
puckered in the reduced AuNPs as shown for the-gegiwith more pronounced
yellow and pink colors (right). The icosahedral;Agore (minus the center Au) is
slightly distorted; the blue Au-Au bonds lying ditly below the center of each
semi-ring are on average 0.12 A shorter than thieweAu-Au bonds (average 2.96
A). Overall Au-Au average 2.93 A. Asicore diameter 9.8 A; overall AUNP diameter
23.9 A. Reprinted with permission from ref 63 (Mayls group).Copyright
2010American Chemical Society.

2.1.2.3. Determination of the number of thiolate §ands

For the thiolate ligand-stabilized AuNPs, the scefdigand coverage is determined
using theoretical and experimental methods. A nsostmonly employed theoretical
method is that reported by Leff and co-worRéfsr spheric AUNPs in 1995. In their
assumption, the thiolate ligands are close-packethe AUNP as a spherical surface.
Is was also assumed that each gold atom had aaconatiumey,= 17A°, and each
thiol occupied an area ot .= 21.4 & on the surface, so that both the number of Au
atoms Qa, = 47:(R-8)3/3vg , R0=D/2) and the number of thiolate ligandsi{ =
4n(R-8)? / Ssuru) Were obtained through a simple measurement oAtié¢P diameter
by TEM followed by statistical calculations. Foraemple, the average core diameter
of 2.7 nm AuNP resulted in 577 Au atoms and 108ltigands at the periphef¥.

In 1995, Murray’s groupreported the spherical AuNP-core model that
introduced a functional relationship between thel#tte ligand coverage (ratio of
alkanethiolates to surface Au atormsand the mass fraction of alkanethiolg{ggknid
in the cluster with a given Au core radius (eq. The surface ligand coverage was
calculated using the measuremenj&fanidy elemental and TGA analyses, and.R
by TEM or SAXS. Murray et al. also pointed out tifa calculated result of spherical
core was not very differefit from those predicted for the face-centered cubic
cuboctahedral model that was determined by Btusf® through the HRTEM
measurement. As an example, an AuNP with a corauga@oe= 1.19 nm and
coveragey = 0.66 contains 409 Au atoms and 126 alkanethiolgends in each
AUNP.
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eq.l
In equation 1,oganiciS the mass fraction of alkanethiolate in the AuRR; is the
crystallographic radius of a gold atom (0.145 npajpis the density of surface gold
atoms (13.89 atoms/rfin assuming hexagonal close packing), MMV is the
alkanethiolate molecular weight in mass/molecutes the coverage (ratio of
alkanethiolates to surface Au atomg), is the atom density of bulk gold (58.01
atoms/nm), and AW, is the Au atomic weight in mass/atom.
In a previous work of our grou},it was experimentally determined that through the
measurement of the AuNP core radius by TEM andotiganic fraction determined
by element analysis, the thiolate ligand number tatal gold atom number could be
calculated, and the result was in relatively goggeament with the reports by Murray
and Brust. From these various determination methodssults that Leff's theoretical
method leads to an underestimation of the actuaiben of thiolate ligands. If the
thiolated AuNPs are well washed to remove excesstfniol (a key condition), i.e. if
the Au/S ratio is correctly provided by elementalalgsis or thermogravimetric
analysis, the AuNP size determination by TEM lemdthe correct number of AUNP
ligands. The AuNP surface coverage by thiolatenitgadepends on the geometry and
size and varies between one thiolate ligand per dwdace Au atoms to 2 thiolate
ligands per 3 Au surface atoms.

Inrganl: -

2.1.2.4. Other sulfur ligands

Other sulfur ligands such as disulfided®  xanthates®*
thioacetated®adithiocarbamate¥’”® trithiolates'**benzenesulfonate (SDB%Y}, and
thioctic acid’*have been also used in synthesis of AuNRsthe Brust-Schiffrin
two-phase method or improved single-phase methateSof these ligands are
considered to bind less readily than thiolatesh® AuNP cores of AUNPS/ % An
opposite view was reported by Lee’s group, howewbn recently observed that the
alkanethioacetates stabilized-AuNPs were as stadde alkanethiol-stabilized
AuNPs!%? Alkanethioacetate ligands stabilize AuNPs withslo§ the S-acetyl moiety
and covalent attachment of the sulfur atoms agatae 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, ttrateistabilized AuNPs are easily
functionalized upon substitution of the citratealgls by stronger thiolate ligands; this
substitution is experimentally very simple and ilves reaction of the precursor
citrate-AuNPs with the corresponding functionalothi under ambient conditions.
Compared to the Brust-Schiffrin method of direattbesis, the AuNPs prepared from
AuNP-citrate are larger, which allows potential lagagions of the latter in
nanomedicine; therefore the plasmon b8fiadbserved only for AuNPs larger than 2
nm, is key to the diagnostic. Mulvaney and Giersigiated this method to synthesize
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thiolate-stabilized AuNPs by substituting the dgréigands by thiolate ligands using
the corresponding thiof&This research area is already largely developedkiivé
group has used this strategy to load AuNPs witlolaked DNAM™ In a recent
example, citrate-stabilized AuNPs have been funefiaed with thiolated PEG and
the PEGylated AuNPs formed in this way have beed as contrast agent for in vivo
X-ray computed tomography imagifgVery recently, Daniel’s group’synthesized
robust AuNP-cored nitrile- and amine-terminated dieners by reaction between
19.5-nm AuNP-citrate and poly (propyleneimine) demic thiols as efficient
platforms for drug delivery (Figure 5).

Figure 5. The synthetic routs for the thiol-dendsbabilized AuNPs. Reprinted with
permission from ref 113 (Daniel's group). Copyrigd01l1 Royal Society of
Chemistry.

2.1.2.5.2. Brust-Schiffrin method with functional hiols

Since the seminal report by Brwettal® it is known that some functional thiols can
be used in the Brust-Schiffrin AUNP synthesis (B21) if the functional group of the

thiol is compatible with the reactions conditioms, particular the reductant. This
strategy has thus been largely exploited. A reexample was reported with the
synthesis of 16-mercaptonhexadecanoic acid-capp@tP4 used for immobilization

onto silica*** Thiol-functionalized polymers or dendrimers arsoalised to stabilize

AuNPsvia Brust-Schiffrin synthesis (see § 2.2.1 and 2.ZTRe direct synthesis of

AuNPs with functional thiols sometimes avoids tlggr@gation that may result from

the post-functionalization method (8 2.1.2.5.4).

2.1.2.5.3. Thiolate-thiol ligand substitution reagbn: functionalization

The ligand-substitution reaction (occasionally edll'place exchange” reaction) was
first initiated by Murray's group who first substied alkylthiolate ligands by
functional alkyl thiolate ligands using the corresgding functional thiols for the
synthesis of functional AUNPS> *The reaction at the AUNP core surface involves
transfer of the SH hydrogen atom of the incomingcfional thiol to the AuNP
surface-bonded S atom of the coordinated thiotaterin 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 kyaducing excess thiol ligands. This
method has been widely us€dbecause it avoids using the reducing conditions of
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the direct Brust-Schiffrin synthesis with functidrthiols. Usually, the excess of
functional thiol and the exchanged non-functiondtyléhiol are separated by
dissolution in methanol or ethanol in which the AR8\are not soluble. Examples
include amidoferrocenyl functionalized alkanethgpbups that were introduce into
AuNPs for the redox recognition of oxoanidh$azide- or bromo-functionalized
thiols for further “click” functionalization of AuRs*‘*tarboxylic
acid-functionalized thiols for controlled prepacatiof carboxylated AuNPS> and
small thiolate molecules for the identification aftibiotics'**Recently, Lennox’s
group developed a new ligand substitution reactialled “thiol-for-DMAP
exchange™?"?° They used thiol ligands for substituting the DMA&pped AuNPs
for the synthesis of liquid crystal (LC)-capped ARd}*’ and polymer-capped
AuNPs'*However, the ligand-substitution reaction has sairsvbacks that are (i)
risk of irreversible aggregation of AuNPs, (ii) omaplete ligand substitution, (iii) in
some cases experimental difficulty in the detertmamaof the amount of exchanged
ligands, (iv) possible incompatibilities betweeee thitial medium of the AuNPs and
new capping molecules, such as tolerance of the petgntial ligands towards
solvent*°Nevertheless, it remains very useful.

2.1.2.5.4. Functionalization of pre-formed AuNPs

Various functionalizations of pre-formed AuNPs byredt synthesis or ligand
substitution have been conducted such as halidespftlic substitution reactior's’
nucleophilic addition reactiolf°carboxylic acid-alcohol-coupling reactioh,
polymerizations? and “click” functionalization>***or example, AuNPs stabilized
by 4-aminothiophenol are functionalized with fokcid by condensation reaction,
with potential application in cancer therdpy**in our group, “click”
functionalization of AuNPs has been applied forgesan drug delivery systems
(Figure 6)*2*1%® This functionalization of pre-functionalized AuNPsas the
inconvenient, however, that aggregation often acdnrthe course of reactions, in
particular if a catalyst is used. Neverthelesstermains very useful, because the
aggregated AuNPs are easily separated by preagpitat

In summary, due to the strong Au-S bond (47 kcdyrfidsulfur ligand-stabilized
AuNPs have gained considerable interest for funefi@ation with thousands of
publications since their discovery. These four fiomalization methods are all
currently used and complementary.
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Figure 6. Encapsulation of docetaxel in PEGylatedNRs considerably increases its
solubility in water (Astruc’s group). Reprinted tvitpermission from ref 124.

Copyright 2011 Wiley-VCH.

2.1.3. Schmid’s Agscluster and the phosphorus ligands
The phosphorus ligand-stabilized AUNPs have passitilire applications in catalysis,
imaging, sensing, and new therapeutic approatfiesThey are also excellent
precursors for ligand-substitution reactions towarthe functionalization of
AuNPsand for building bimetallic cores of AUNP&!>3In the early 1980s, Schmid
reported a phosphine-stabilized sAaluster that is known as Schmid’s cluster with
narrow dispersity (1.4+0.4 nm).Schmid Au cluster was defined as [A®Ph)1.Clg,
was well characterized by X-ray crystal structurel ahowed the properties of a
quantum-dot particle for the first tinf&® Weare and Hutchisoff improved the
Schmid method in 2000 using HAuGnd N(GH15)4Br in a water-toluene mixture to
which PPR and NaBH (instead of diborane in Schmid’s method) were adddud
cluster [Auoi(PPh)2:Cls] formed with [Au(PPB)CI] as an impurity. Later, Moores et
al. used the precursor complex [AuCl(S)enstead of HAuCJ as the gold source
and sodium naphthalenide ;@EgNa) instead of NaBldas the reducing agent, to
synthesize phosphinine-stabilized AuNPs. Phospbsiare well adapted to the
coordination to Afi and are suitable for AuNPs formation. Very recertihe mild
reducing agent 9-borabicyclo-[3.3.1]Jnonane (9-BBM)s used in a new simple and
versatile method for the synthesis of triphenylginise-stabilized AuNPs with
diameters of 1.2-2.8 nm and narrow size distribut{®igure 7)*® Other recent
examples of the synthesis of AUNPs stabilized lysphines or phosphine derivatives
are (i) triphenylphosphine-stabilized small Au ¢tkrs where triphenylphosphine is
considered as a proactive etching adehtij) calixarene phosphine-stabilized AUNPs
that were used for catalysi€: *°{iii) 1,1-binaphthyl-2,2dithiol-stabilized AuNPs
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for  optics*%and (iv) tetrakis(hydroxymethyl)phosphonium  chlerid

(THPC)-stabilized AuNPs for further preparation bimetallic nanoshell$® In
addition, proteins and lipids contains many phosphcatoms that also stabilize
AuNPs with these bioligands (see § 2.2.1).

Et3P. AuCl Trlphenylphosphmi ( Black SOlii’
n RT, or 40 °, or 50 °C

acetonitrile-toluene (1:4) ~
9-BBN \a
®!
(¢}
=
3,
-
o
e
2
. 8-
(2) Hexane cleaning | =
0~
(3) Redisperse in
methylene chloride or
acetonitrile

Figure 7. Synthesis pathway for TPP-stabilized AsNReprinted with permission
from ref 138 (Shumaker-Parry’s group). Copyrighf2@merican Chemical Society.

2.1.4. Other ligands

The other possible AuNP ligands are oxygen- anthgiin-based ligands containing
electronegative groups such as amine (or aminagpogsl, carbonyl and phenol
groups. In particular, amines have been popular Alijands for a long time due to
their presence in biological and environmental esyst°°*® For instance, Crooks’s
group has reported octadecyl amine-capped AuNPs1983°°A series of
aminoalcohol-stabilized ~ AuNP%, amine-stabilized @ AuNPs used as
bioprobed®***{Figure 8) and cyclic phenylazomethine (CPA)-siabd AuNPs used
as electrochemical probes for metal ion sensingkamvn!®Among them, 44,
N-dimethylamino) pyridine (DMAP) is a frequent AuNRigand, and
DMAP-stabilized AuNPs have found broad used in Auldand-substitution
reaction®” and heterogeneous cataly¥is. DMAP-liganded AuNPs were first
reported in 2001 by Caruso's grdtp*®® and recently gained increased
attention:®*"*These AuNPs are obtained by adding an aqueous D$&hARion into
the TOAB-stabilized AuNPs via phase transfer. Twbeo key nitrogen ligands,
TOAB and CTAB will be discussed in § 2.3.1.
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Figure 8. Synthesis pathway for TPP-stabilized AsNReprinted with permission
from ref 164 (Suri’s group). Copyright 2008 Elsavie

Among oxygen ligands, carboxyl derivatives and mhemere reported as AuNP
stabilizer. For instance, folic acid stabilizes A8\via a carboxyl group, which is
useful for nanomedicinal applicatioWdThe other carbonyl stabilizers include
N-vinylpyrrolidoné”and  N-2-hydroxyethylpiperaziné-2-ethanesulphonic  acid
(HEPES); the latter stabilizes flower-like AuNPsttwits carbonyl and phenolate

groups'’®

2.2. Macromolecule-stabilized AUNPs
Macromolecules stabilize AuNPs by both steric endibegl effect and ligand
interactions of their heteroatoms (N, O, P and Sods) with the AUNP surfacg’

2.2.2. Polymers

As reviewed by Shan and Tenhu, using polymers adPAatabilizers has various
advantages: (i) enhancement of long-term AuNP l#hab(ii) adjustment of their
solubility, (iii) increased amphiphilicity, (iv) gh and tunable surface density of
shell/brush, (v) tailored properties of AuNPs, arfdi) compatibility and
processibility:”® Polymer-stabilized AuNPs date from Helcher’s iissain 1718 %hat
indicated starch-stabilized water-soluble Au p#&tic With the rapid development of
nanotechnology, polymer-stabilized AuNPs are beognaictively and widely used in
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catalysis:®® optics® and biology®* The two major synthetic routes to
polymer-stabilized AuNPs are the *“grafting to” andgrafting from”
techniques®*'#+1*4ith the latter method, polymerization occurs & &u surface in
the presence of initiators; thus it can be viewesl a method of AuNP
functionalization. The “grafting to” method involyvedirect AuNP synthesis by
attachment of polymers onto the Au surface. Thezgwao strategies for the “grafting
to” method. The first one uses functionalized payswith sulfur, nitrogen or other
ligands at the end or in the middle of polymerstabilize the AuNPs. This synthetic
route is relevant to the Brust-Schiffrin methodtloe ligand substitution reaction. For
the Brust-Schiffrin route that is often used witblymers, the HAuGlIsolution is
mixed with the functionalized polymers, and theugdg agent is added to form the
AuNPs (both in one phase or two phases). For instahe polymeric AuNP ligands
used in this way include thiolate end-capped pyteste (PS}?*% thiolate poly
(ethylene glycol) (PEGY” five-arm PEG-b-PCL star block copolymé?s thiolate
poly(N-isopropylacrylamide)  (PNIPAMY?® thiolate poly (vinyl pyridine)
(PVP) ¥ polypeptide with disulfide termirtpoly(acryloylaminophenylarsonic acid)
(PAAPHA) with amine and arsenic acid grotip,poly(ethylenimine) (PEI) with
amine groupé&lthioether-functionalized polymer ligands (DDT-PVA@nd
PTMP—PVAC)*® ionic  polymers®and O-ethyl-S-(1-methoxycarbonyl)ethyl
dithiocarbonate functionalized polvinyl caprolactam) (PVCL) (Figure 8} The
AuNP size is controlled by the polymer/ Au ratiaths detected by the change of
intensity of the plasmon absorptionin the UV-viespa?’*Some polymers such as PS
and PAAPHA act as both reducing agents and stabslizThus, they form AuNPs
without additional reducing agents, but the AuN®&snfed with such weak reducing
agents are much larger than those formed using WaBH

N
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S 60 °C O@ S

PVCL
Figure 9. Synthesis of PVCL and coating of AuNPspihted with permission from

ref 202(Marty’s group). Copyright 2011 Royal Cheati€ociety.

The functionalized co-polymers are also used aglees in AUNP synthesis. For
instance, Suzuki developed thermosensitive hybace-shell AuNPsvia in situ
synthesis. Figure 10 shows the route used in thisgdys Thiol- and
amino-functionalized poly  N-isopropylacrylamide) (NIPAM)-b-(glycidyl
methacrylate) (GMA) (poly NIPAM-b-GMA) have beenegsas templates to stabilize
AuNPs inside the polymer sheff§.
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Gold nanoparticles &
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in situ synthesis . )

functional groups @

Cara: rich in GMA + NIPAM
Figure 10. Schematic representation of the syrghe$i thermosensitive hybrid
core-shell particles containingAuNPs. Reprinted hwiermission from ref 204
(Kawaguchi's group).Copyright 2005 American Cherhigaciety.

The ligand-substitution reaction for the synthedipolymer-stabilized AUNPs has a
significant advantage in that the pre-prepared AsiNfrerefore lead to relatively
monodispersed AuNPs by the Turkevitch or Brust w@thThus, after the
ligand-substitution reaction by polymers, the podyratabilized AuNPs are also
relatively monodispersed, because the AuNP cores dm¢ undergo size change
(Ostwald ripening) during the ligand-substitutiorogess. Azzanet al reported a
typical ligand substitution reaction: PEO-b-PS-B/P4 was added into the
TOAB-stabilized AuNP solution in toluene and stirefor 24h, and the
PEO-b-PS-b-P4VP-stabilized AuNPs were obtafflé®ecent examples have been
reported?®®?°® The other “grafting-to” strategy uses the polynasr a template to
stabilize the AuNPs as core-shell NPs. This methed also defined as
polymer-surfactant- or reverse micelle-stabilizatiof AUNPs, and is discussed in
section §2.2.4.

2.2.3. Dendrimers

Dendrimers are highly branched, cauliflower-shap@dnodispersed, synthetic
macromolecules  with well defined composition, disien and
structures*®#PDendrimer- or dendron-stabilized AuNPs are clasgifin three parts:
(i) AuNPs that are entrapped into the dendrimemdendrons by the functional groups
(containing S, N, P and O) and the steric embeddiferts. These AuNPs are also
called dendrimer-encapsulated AuNPs (Au DENSs), aned sometimes used in
electrocatalysig*?{ii) AUNPs that are surrounded by several smallddiemers at
their periphery are called dendrimer-stabilized RsN(Au DSNSs); (iii) AuNPs
prepared as dendrimer cores and stabilized by owindg ligands located at the focal
points of dendrons. With functional groups locatgdthe dendron periphery, the
AuNP assembly provides AuNP-cored dendrimers coimgi peripheral functional
groups such as redox groups that are broadly useetax sensor&’ 2

Au DENs were first reported by Crooks’s and Tomaligroups using the
polyamidoamine (PAMAM) dendrimers as stabiliz&5*?®followed by a number of
reports dealing with the preparation of dendrintabtized AuNPs of various kinds.
The size distribution of dendrimer-stabilized AuNdpends on the initial dendrimer
to Au ratid®?' and dendrimer generatiéif.”*®* The synthesis of
dendrimer-stabilized AuNPs with AuNP cores boundother sulfur grougg*?*
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(Figure 11), hydroxyl group$>**benzyl etherd?’ and amine group¥® has been
reported. “Click” PEG dendrimer-stabilized AuNPsvéaecently been reported by
our group. In these AuNPs, stabilization is prodidey 1,2,3-triazole coordination,
and the AuNPs are encapsulated in the dendrimees Wie latter are large enough or
surrounded by several dendrimers when the lattesr o small (zerd
generation§492*°

Figure 11. Newkone-type dendron-stabilized AuNR=pritited with permission from
ref 244 (Hackley’s group). Copyright 2010 Americahemical Society.

Jia et al., reported the synthesis of AuNPs thae astabilized by
phosphorylcholine-functionalized dendrimers. Tretability and controllable surface
properties indicated potential use in biosensirigufie 12)*>’AFM and TEM were
used todemonstrate the morphology and size disiibuof the AuNPsformed.
Recently, the technique NICISS, reported by \oelclkgroup, was useful to
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understand the inner structure of dendrimer-stzliAUNP <3
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Figure 12. Schematic representation of the syrdheSiAu DSNs. Reprinted with

permission from ref 251 (Ji's group). Copyright 28pringer

2.3. Surfactants and reverse micelles
2.3.1 Surfactant-stabilized AUNPs without reverse ioelle formation
Surfactants stabilize the AuNPs by electrostatiedieg between the Au surface and
the surfactant heads. The surfactant TOAB is ndymaded in the Brust-Schiffrin
two-phase method as a phase-transfer agent, agbitacts as AuNP stabilizer. The
TOAB-capped AuNPs is obtained by the Brust-Schiftivo-phase method without
adding the additional stabilizer and utilized inrtifer functionalization or
self-assembl§???*> Another example is the synthesis of cetyltrimedhyionium
bromide (CTAB)-stabilized AUNPS®#%hat was first reported by Nikoobakét al
in 2001%*” The AuNPs are obtained by quickly adding an ide-déaBH, solution
into the mixture of CTAB and HAugkolution, yielding AuNPs of average size up to
4 nm with a net positive interfacial charge. Itfisquently used as a seed for the
preparation of monodispersed gold nanorods (AuRf&RS) and size- and shape-
controlled AuNPg®® 261
2.3.2 Surfactant-stabilized AUNPs with reverse midke formation
Besides the electrostatic bonding, surfactantsabs@ used to form reverse micelles
for AuNPs synthesis. Reverse micelle solutions dransparent, isotropic,
thermodynamically stable water-in-oil microemulsornhat are dispersed in a
continuous oil phase and stabilized by surfactardleoules at the water/oil
interface?®*?*4Vater is readily solubilized in the polar core @verse micelles,
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forming so-called water pools that play the rolg¢eshplates for AUNP formation and
also prevent the aggregation of AUN®SThe size of the AuNPs is defined by the
micelle volume. Both low-molecular-weight surfadsrand copolymer surfactants
form reverse micelles for the synthesis of AUNPs.

Sodium  bis(2-ethylhexyl)  sulfosuccinate (AOT) is awidely used
low-molecular-weight surfactant in AuNPs synthesitie reverse micelle is thus
prepared by adding water/AOT/n-hepta&fieor water/ATO/isooctarf&’?°® into an
appropriate amount of HAugbr a gold salt. Then, the reducing agent hydrasne
added into the mixture to form the AuNPs. Recermitanionic surfactants (mixture
of octanoic acid and octylamine) such as lecitfif’® and trichromophoric
dye-reverse micelle-stabilized AuNPs were also mego(Figure 13§/* However, the
use of water/oil microemulsions for the synthedisAaNPs has a major drawback.
Large amounts of surfactant are required to stabilhe AuNPs, which introduces
impurities. Very recently, Hollambyet al. reported the purification of reverse
micelle-stabilized AuNPs in a single step. In tase, the AuUNPs are stabilized by the
microemulsion that forms in water/octane with bolaas co-additive. After adding
excess water, the AuNPs are concentrated into piperuoctane-rich phase and the
impurities remain in the water-rich lower pha&e.
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Figure 13. Scheme of dye-functionalized AuNPs (GPMuUNP). Reprinted with
permission from ref 271 (Yoda’s group). Copyrightl2 Elsevier.

2.3.3. Reverse micelles

Compared with classical surfactant-formed micellles,copolymer surfactant-formed
micelles have several advantages. First, the afiticicelle concentration (cmc) of
copolymers is much smaller, and their kinetic diigbiis larger than that of

low-molecular-weight surfactants. Second, the siaé shape of copolymer micelles
is easily tuned by varying the composition of thepaymer, the length of the

constituent blocks, and the architecture of theoboper. Third, the stability of the

AuNPs is enhanced upon increasing the length ofdhenal blockg® 2”3

A large number of studies are available in polynmicelle-stabilized AuNPs,

therefore only a few representative or recent exasnpre mentioned here. Poly
(styrene)-block-poly (vinylpyridine) (PS-b-PVAj?"%and poly (ethylene oxide)-poly
(propylene oxide)-poly (ethylene oxide) (PEO-PPCRFE>*4are the most widely
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used polymer micelles for AuNPs synthesis, and ¢hAsiNPs are applied in
catalysi$”>?"" and biosensintf’ PS-b-PVP micelle-stabilized AuNPs are typically
synthesized as described by Moéller’s group. A sofubf the block copolymer in dry
toluene is mixed with HAuGlin appropriate amount. The mixture is stirred &br
least 24 h in order to allow complete dissolutidrthee gold salt in the core of the
block copolymer micelle. The reducing agent hydrazis added under vigorous
stirring to form the AuNPs (Figure 1%} ?"8/ery recently, Pappt al?*showed that
various reducing agents introduced into PS-b-PVEeha systems resulted in the
formation of AuNPs of various sizes. The morphologige and size distribution of
the AuNPs formed were determined by AFM, DLS, anBMT In addition,
microcalorimetry was used to investigate AUNP fdrorain the copolymer micelles.
PEO-PPO-PEO-stabilized AuNPs have been synthesimedgh the route reported
by Sakai and Alexandridf8°’AuNPs are prepared in an efficient one-pot
aqueous-phase synthesis from the reduction of As lsg using PEO-PPO-PEO both
as reducing agent and stabilizer. The formatioMA@RNPs from Au salts comprises
three steps: (i) initial reduction of Au ions inoam ether-like domains formed by
block copolymer in solution, (ii) absorption of blocopolymer on AuNPs and further
reduction of Au ions on the surface of these AuN#sg] (iii) growth of particles
stabilized by block copolymef&® Increasing the PEO chain length favors the
reduction of Au salts and formation of AUNBS,
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Figure 14. a) Molecular structure of the PS-b-P4&polymer and schematic
illustration of the micellation process witt-situ synthesis of AUNPs in PS-b-P4VP. b)
Topography image of the surface (from AFM) of ansppated PS-b-P4VP film along
with a schematic illustration of a self-assembl&HPP4VP (with AuNPs) micellar
film on a substrate. ¢c) TEM image of PS-b-P4VP. Tbgolymer film is made up of a
continuous bright PS matrix and dark spherical P4&dres. d) TEM image of
PS-b-P4VP with AuNPs; PS-b-(P4VP/Au). The molaioraf HAuCl,;:P4VP is 0.1.
Reprinted with permission from ref 278(Leong’s grpuCopyright 2008 Wiley-VCH.
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In addition, the temperatuf& micelle environmeft®, and shapes and sizes of
micelle$® are also considered to be the main contributiortofacin the overall
growth kinetics leading to a specific morphology AiNPs?*® For example, the
smaller micelle size with few surface cavities proed small AuNPs (Figure
15)#®0ther polymer reverse micelle-stabilized AuNPs walso recently prepared
using similar approaches. For example, poly (etig/lexide)-b-poly €-caprolactone)
(PEO-b-PCL)-stabilized AuNPs with 5-7 nm core siaave potential for the
exploration of drug-delivery systems with biodegial@ PCL units and biocompatible
PEO units®® Polyethylenimine-g-hydrocaffeic acid (PEI-C)-AuNRse also the
subject of biomedical applicatioR%.

Core

Corona &
U ' .*
N J\ i‘ Guest molecule

Micelle

I
Surface cavity

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

2.3.4 Liposomes

Liposomes, supramolecular assemblies of amphiplidids, can be used as reverse
micelles to prepare AuNPs. Early syntheses of bpues-stabilized AUNPs have been
conducted by adding NaBHo mixtures of HAuCJ and liposome&™ This method
easily provides size-controlled AuNPs, but NaBid toxic and can modify the
biological functior®™'Recently, Sauet al reported a “green” and efficient
methodology that yields liposome-stabilized AuNRs isimple, rapid, and controlled
way. The AuNPs are obtained by adding ascorbic asideducing agent into the
mixture of liposome-based giant unilamellar vesclsimilar to micelles) and
HAUCI,.?** Similarly, AuNP synthesis using the biocompatibieducing agent
glycenol was reported by O’Sullivan’s group (Figa 2% 2%
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Figure 16. a) Designed liposomal nanoreactor. lsjnadon stages of AuNPs inside
the glycerol-incorporated (15% v/v) liposomes: Bpmes before reaction (top left),
liposomes during the reaction (middle) (scale bar$0 nm), and purified AuNPs
synthesized in the nanoreactor (bottom right, sbale20 nm). Photon correlation
spectroscopy graph of the liposome size distrilnubefore the reaction, Pl = 0.232
(bottom left corner) and graph of the calculatedNRusize distribution using TEM

(top right corner). Reprinted with permission fraef 293 (O’Sullivan’s group).

(b)

Copyright 2011 American Chemical Society.

2.4 Biosynthesis and “green chemistry”
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Biosyntheses and “green” syntheses of AUNPs arthancemarkable area in AUNPs
preparation vian situ synthesis. In these syntheses, the biomolecuettiiracts both
as a stabilizer and reducing agent to form the AuINe sources for bio- and green
preparations of AUNPs are natural source extrabtysan, and microbes.

2.4.1. Natural-source extracts

Due to the abundance of carboxyl, carbonyl, hydrossyd phenol groups, the
natural-source extracts reduce"Aand stabilize the AuNPs with these groups. Since
Goia and Marijevic synthesized gum arabic (origedatfrom a natural plant)
stabilized AuNPs in 199" many environmentally friendly AUNP syntheses were
reported, especially by Sastry’s grdip?®’ In these reports (Table 1), non toxic
chemicals from natural source extracts were usdtiansyntheses in order to avoid
adverse effects in medical and biology applicatiofisese AuNP syntheses using
natural-source extracts are simple, just mixingetkigacts with aqueous HAuQUntil

the color changes to red or purpie.Besides this green-chemistry aspect, AuUNPs
stabilized by natural-source extracts are also useather fields involving AuNPs
assembly®®

Table 1.AuNPs stabilized by natural-source extracts

Natural source Groups for stabilizing AUNPs Publication year
Gum arabit phenol 1999
Lemongrass- hydroxyl and carbonyl 2004
Emblica officinalis** carbonyl and phenol 2005
Alove vera plarft” carbonyl and phenol 2006
Cinnamomum camphof& | carbonyl 2007
Gellan gur?™ carboxy, carbonyl and phenol | 2008
Castor oif™ carboxyl 2008
\olvariella volvace®” phenol 2009
Hibiscus®™ phenol 2010
Bayberry tannin (BTf* phenol and carbonyl 2010
Tannic acid™ phenol and carboxyl 2010
Zingiber officinalé® carbonyl and phenol 2011

2.4.2. Chitosan

Chitosan, the second-most abundant natural polyméne world, is known as the
deacetylated chitin and has a good water solubilityand
biocompatibility®®"**Chitosan stabilizes AuNPs with the amine groupsthedsteric
effect of its own structure. Yoshimura’s group tfireported chitosan-stabilization of
AuNPs by adding NaBHas a reducing agefft Further, Huang's grodf’ used
chitosan both as a stabilizing agent and reducgenta and obtained AuNPs by 2h
heating of HAuCJ and chitosan mixture with a 7O water bath, a fully “green”
synthesis. From then on, the chitosan-stabilizedNRs1 have been widely used in
catalysis’'® biomedicine®™! and sensingf4n addition, carboxymethyl chitosan has
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later also been used to synthesize AuNPs, due tagher sorption of metal ions than
that of chitosarf*?

2.4.3. Microbes

The stabilization by microbes provides a remarkafbbele of AUNP biosynthesis that
has been studied for more than three decades. 80, 1Beveridge and Murray
reported that th8acillus subtilisreduces All to AUNPs with a size range of 5-25 nm
sizes inside the cell walt®Up to now, four major microbes have been used for
AuNPs synthesis: bacteria, fungi, actinomycete y@ast. The abundance of carboxyl
groups in microbes is considered to play a majde rm the reduction of
Au" *Moreover, the abundant electronegative groups trohes (amine, carboxyl,
thiol, disulfur, etc.) contribute to the microbalsiization of AUNPs. The synthesis of
AuNPs with microbes follows two procedures: exthatar production and
intracellular production. For the extracellular guation, Ad" is reduced by the cell
wall reducing enzymes or soluble secreted enzyf@sthe intracellular production,
reduction occurs inside the cell. The extracellesduction of AuNPs has wider
applications than intracellular accumulation in agbectronics, electronics,
bioimaging and sensor technology.

In Table 2, some identified data from ref 314 aeeoflected together with some
newest data showing recent microbe-stabilized AuNPs

Table 2. Microbe-stabilized AuNPs

Microbe type | Microbe Localization | Size Reference
Sulfate-reducing bacteria intracellular | <10 nm 315

Bacteria 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| HM10

streptomyces viridogens straimtracellular | 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

3. Seed-growth method

3.1. Principle of the seed-growth method

The seed growth method is another popular technigu@&uNP synthesis that has

been used for more than a century. Compared withinthsitu synthesis, the

seed-growth method enlarges the particles stefdpy and it is easier to control the

sizes and shapes of formed AuNPs. Thus, this puweed widely used in the most

recent size- and shape-controlled AuNPs syntheses.

The seed growth usually involves two steps. Infits¢ step, small-size AUNP seeds

are prepared. In the second step, the seeds agd tald “growth” solution containing
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HAuUCI, and the stabilizing and reducing agents, themévey reduced Aligrows on
the seed surface to form large-size AuNPs. Thedaiaduagents used in the second
step are always mild ones that reducé' Aa Au’only in the presence of Au seeds as
catalysts, thus the newly reduced’Azan only assemble on the surface of the Au
seeds, and no new patrticle nucleation occurs utisol Moreover, due to the use of a
mild reducing agent, the second step is much slaélaer the first one, and it can be
repeated to continue the growth process.

In the course of the seed-growth synthesis of AyNirs formation of seeds takes a
significant place correlated to the size, shapesamthce properties that are controlled
by the amount and nature of reducing agent andligeab and their ratio to the Au
precursor. The earliest gold nano seeds were pedpby Natarf?’using citrate
reductant and capped spherical Au seeds with deani€t nm for the overgrowth of
spherical AuNPs. In 2001, Jana and co-work&sgnthesized 3.5 nm citrate-capped
gold seeds by dropping an ice-cold aqueous solufdNaBH, into a solution of a
mixture of HAuUC), and citrate. These seeds were originally usedhfiformation of
AuNRs. This procedure of Au seed formation was fiediby El-Sayetfin 2003
using hexadecyltrimethylammonium bromide (CTAB) the stabilizer instead of
citrate. These Au seeds with a diameter smallar tham were used to promote the
narrow dispersity of AuUNRs. Subsequently, this stethation was regarded as the
most primary nucleation process in the synthesigwdfiPs. Other monodispered,
large-sized, spherical or quasi-spherical AUNPsNRs, and other shaped AuNPs
have been synthesized using the seed-growth metkdd|lows.

3.2. Spherical or quasi-spherical AUNPs

The traditionalin situ synthesis provides spherical or quasi-sphericaNRa1 The
disadvantage is, however, that when the size isesed becomes out of control, and
the shape is not controlled either. Therefore seed-growth strategy has emerged as
a very efficient method to synthesize monodispeseNPs with large sizes (up to
300 nm) precisely and with well-defined shaf&s*°

Natan and co-workeré>**'*pjoneered the seed-growth method reported in an
European paterit® In this procedure, the AuNPs between 20 nm andrifiOvere
prepared by adding citrate-capped, NaBetluced seeds into a “growth” solution
containing a mild reducing agent such as citfat&?or hydroxylaminé?*This results
provided an improvement of physical properties carag to the Turkevitch and
Frens method. However, this synthetic route alseegged a small population of
rod-shaped AuNPs as impurities. Later, Murphy’sugfdimproved the method by
using ascorbic acid as a reducing agent as mititi@de in growth solution and using
CTAB as a stabilizer to synthesize monodisperséersgal AUNPs up to 40 nm (the
citrate-stabilized AuNPs with a relative standaavidtion that was lower than 10%
were considered as monodispét$d®. This method was later used for the synthesis
of icosahedral AUNPs with controlled size (from i@ to 90 nm) by Han’s group
(Figure 17)*%°

40



Figure 17. TEM images of AuNPs in solution a) 1£.0.8 nm, b) 13.3 + 2.0 nm, ¢)
32.2 £1.8 nm, d) 69.0 + 3.7 nm and e) 87.3+ 121l Reprinted with permission
from ref 336(Han’s group). Copyright 2007 Americahemical Society.
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Recently, highly monodispersed, spherical, citsagdilized AUNPs were synthesized
up to 300 nm by using hydroquindf®or ascorbic acid (Figure 18§ as reducing
agent in the seed-growth process. Reaction conditsnich as temperatut8,pH 3*°
Au precursor to seed particle concentratidrend citrate concentratioti were
considered to affect the size distribution and shajthe AuUNPs.

Figure 18. TEM images ofAuNPs in solutions a) 18nn, b) 31 +3nm,c)69 3
nm, d) 121 £ 10 nm, e) 151+ 8 nm and e) 294+ 17 Scale bars are 200 nm for parts
a-c and 500 nm for parts d-f. Reprinted with pesiis from ref 337 (Eychmdller’s
group).Copyright 2011 American Chemical Society.

3.3. Gold nanorods (AuNRS)

The AuNRs show two plasmon bands: a strong longiaildand in the near-infrared
region and a weak transverse band, similar toahgbld nanospheres, in the visible
region. The band in the near-infrared region, whesgue absorption is minimal, is
very useful for potentialn vivo applications. Consequently, due to their specific
structure and shape, the AuNRs exhibit wide posénise in nanomedicing®®
33934Buring the last few decades, AuNRs had been prdpasing electrochemical
and photochemical reduction methods in agueousdarit media and nanoporous
templates***** However, the seed-growth method now clearly agpearthe most
favorable one for synthesizing AuNRs, becausent easily generate high yields of
well-defined and monodispersed AuNRSs.

The current seed-growth method was first reportgd Ndurphy’'s group in
20013*Briefly, 3-4 nm citrate capped AuNPs are used @sisethen the seeds are
added into the growth solution containing apprdprilAuCl, CTAB and freshly
prepared ascorbic acid, without further stirringagitation. After 5 to 10 min, AUNRs
with 4.6 + 1 aspect ratio are generated in thet®sluAuNRs with a high aspect ratio
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(up to approximate 20) are obtained by three-step/tip: the first-step forms AuNRs
that are used as seeds for the second growth hangetond-step-formed AuNRs are
used as seeds for the third growth (Figure *1%8}**3*The AuNRs obtained are
purified and form other-shaped AuNPs by centrifigratHowever, this method has
the disadvantage that large amounts of AuNPs ofrepand other shapes are formed
as by-products, which greatly reduces the AuNRdyi®ikoobakht and EIl-Sayed
improved the method in 2003, efficiently overcomiripe drawbacks. The
CTAB-capped seeds are used instead of citrate-daggeds, and silver nitrate is used
in the seed-growth process to control the aspéict oh AUNRs. This protocol results
in high yield of AUNRs (99%) with ratios from 1.Jpwo 5 and generates only traces
of spherical AuNP&%’

Ageing (16 h)
0.1 M Ascorbic Centrifugation
and resuspension

% :a;m % Seedmg%"m'-ﬁ ""Lﬁ — ﬁ

Growth Step 1 Step 2 Step 3

Iscnlulln:u'l

Figure 19. General methodology for the generationAoNRs. Reprinted with
permission from ref 345 (Murphy’s group). Copyrigh®04 American Chemical
Society.

Nanorodsl

In order to better understand the formation of AslNfRe scientists have concentrated
on the parameters that affect the yield, monodstpeland size of AuNRs. For
instance, Huang’s grodify*’reported that nitric acid added into the growthuson
leads to a high yield of AuNRs. Korgel's gratfh>*and Manohar’ grouis® noticed
that the presence of iodide at ppm concentratiorGTIAB prevents the formation of
AuNRs in the growth media. In a recent report, aswdisclosed that the micelle
nature of CTAB was a key factor in NR purificatidrom other shapes due to
depletion attraction forces of surfactant miceffé§hen Garget al showed that
bromide anions of the CTAB surfactant played a fgresole than the CTAcations
for the process of AUNRs formatidrf. Furthermore, Sét al figured out that bromide
anions played a crucial role in the formation af-filke AUNPs in the sense that there
was a critical [Bi/[Au"] ratio (around 200) to form AuNRs with a maximuspact
ratio; beyond this value, the aspect ratio of AuNiesreased (Figure 28 Details of
the mechanism of AuNR formation have been carefigdijewed by the El-Say&d
and Murphy group$®.
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Figure 20. TEM image of AuNRs prepared with A) I6ze: (18+£3) x (8.5+1) nm],
B) 200 [spheres (26+5) nm in diameter], and C) 20 @TAB [size: (23+5) x (8+1)
nm]; D) 20 mm CTAB+80 mm NaBr [size: (21+3) x (1)#im] and E) after 24 h
reaction with 100 mm CTAB. The concentration of Hwwas 8x1¢ mm in all
reactions. Reprinted with permission from ref 3&8unis’s group). Copyright 2012
Wiley-VCH.

3.4. Other shapes of AUNPs
Besides spherical or quasi-spherical AUNPs, amdparAuNPs have also recently
been reported and widely used in biomeditifsmd nanotherapy’®> Among the
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shape-controlled strategi&®,seed growth is an efficient method for the syrithe$
anisotropic AuNPs. It allows rational design of aarystal shape, size distribution
and monodispersity through the adaption of nuadeatnd growth conditions. In
particular, reported anisotropic AuNPs include AWNRAu nanocubed®’ Au
nanohexapod$® Au  nanoribbond® Au  hollow nanocage¥’ Au
nanobranche®¥'**4nd Au nanopolyhedrori§?3%°

Herein we are focusing on the main examples ofoémupic AUNP syntheses and
their improvements. A seminal report of a soluti@sed “chemical” route to multiple
shaped-controlled AuNPs in 2004 is that of MurBfand co-workers. In a typical
procedure, a HAuGhkolution is added to a CTAB solution followed byddibn to the
growth solution of an aqueous solution containirgN®s, ascorbic acid, and HAugl
In given conditions, nanorods, and other partiglgh triangular and square outlines
were formed and, by increasing the ascorbic acisiceotration, hexagonal
nanocrystal appeared. Then, upon further increasascorbic acid, cube-shaped
particles were formed in high yield (90%). A vaioat of branched AuNPs were also
synthesized by controlling the various combinatiais[seed]/[AU'] ratio or the
concentrations of CTAB and ascorbic acid.

Huang's®’ group reported a systematic shape evolution psotesn CTAC-capped
truncated cubic Au seeds to trioctahedral and rhordbdecahedral AuNPgia a
two-step seed growth process. Systematic shapetertd from truncated cube to
cubic, trisoctahedral, and rhombic dodecahedratgires have been controlled upon
addition of various amounts of ascorbic acid.

Xia®*® and coworkers reported a facile method for the migion of
thermodynamically unfavorable Au nano-hexapodssiggiN, N-dimethylformamide
(DMF) to reduce HAuCI in the presence of single crystal of octahedrala&uthe
seed. The shapes of the hexapods have been cedtbyllvariation of the amount of
HAuCl, in the growth solution or changing the reactiomperature. Polyhedron is
another shape of AuNPs that has recently beenrdatdoy adding the CTAC-capped
Au seeds into the growth solution containing HAYYGTITAC, and various salts,
followed by reduction using ascorbic acid. The &sapf the AuNPs formed are
controlled by the nature of various salts in thewgh solution. For example, NaBr is
used for rhombic dodecahedra, and Kl is used faahedral®®ery recently,
Mirkin's group®®* reported a method to synthesize octahedral AuNis follow
features. In the growth process, Au concave narescabe prepared as seéfsand
the reaction is initiated by the addition of thed®to the growth solution containing
the appropriate ratio of HCI, HAugl AgNOs;, ascorbic acid, and
cetyltrimethylammonium chloride (CTAC). The yield higher than 90%, and the
structure of the Au hollow is well characterizedg(ife 21 shows some examples of
anisotropic AuNPS).

The growth mechanism of anisotropic nanocrystahfirons was scrutinized, and it
was found that the temperature, pH, Au precursanfsistants ratio and salts used in
the growth solution influenced the growth of Au d®en each facet, and finally
affected the size and shapes of the AufiPa"
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Figure 21. a) Cubic AuNPs. Reprinted with permissioom ref 357 (Murphy’s
group). Copyright 2004 American Chemical Society.

b) Trisoctahedra AuNPs. Reprinted with permissioomf ref 367 (Huang's
group).Copyright 2010 American Chemical Society.

c) Start-like AUNPs. Reprinted with permission froef 358 (Xia's group). Copyright
2011 Wiley-VCH.

d) SEM images of (A) the concave cube seeds andibhe@ucts of the octahedra
reaction with (B) 50, (C) 100, and (D) 1p@ of a 10 mM HAuUC]} solution. Scale
bars: 100 nm. Reprinted with permission from rel ¥®lirkin’s group). Copyright
2011 American Chemical Society.

4. Other AuNP synthetic methods
Other methods involve both “top down” and “bottopi gtrategies and are discussed
here. They also include supported AUNPs and bitefaiNPs.

4.1. Pulse radiolysis
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Pulse-radiolysis is another “bottom-up” method timolves gamma-ray irradiation
for the reduction of All instead of the traditional addition of a chemical
reductanf’®As a suggested mechanism, radiolysis generatesataddy ionization
and excitation of the solvent (usually water). Alical scavenger is introduced in
order to trap the primary radical formed (Qibl give a new radical that is unable to
oxidize the goldions but exhibits strong reducingwpr, such as the radicals of
secondary alcohols (2-propanol is the most-commassd one).This is followed by
the disproportionation of Auspecies giving Auand Ad' species. Meanwhile, the
mild reducing agent reduces Ato Au", and Al to Au’. During this stepwise process,
Au" is progressively reduced to Auand the formation of AUNPs proceeds in the
presence of a stabilizer that is required in orteeravoid the overgrowth and
aggregation of the AuUNP&®The stabilizer must be unable to reduce the gold sa
directly before the irradiation. For instance, puigyl alcohol) (PVA),
octadecylamine(OA), and olyvinyl pyrrolidone (PViP¢re used as stabilizers.

In a recent example, Abielial.>”* reported a one-pot radiolytic synthesis of AUNRs o
well-controlled aspect ratios in a CTAB micelle.elbBynthetic procedure involved
addition of HAuC} and TOAB to a stirred agqueous CTAB solution; afiether
stirring for 1h at 50°C, acetone, cyclohexane, and Agi\Were successively added
into the previous solution, and then flushed witttogen and irradiated by ®Co
panoramic gamma source. A series of AuNRs with ousriaspect ratios were
obtained by variation of the Agoncentration.

The radiolysis strategy has also been reportedhi®rsynthesis of spherical AUNPs
with diameters 6 nm and 13 fffbimetallic Au-Pd’%and Au-Ag’'NPs, but altogether
rather few reports are known.

4.2. Top-down methods

The top-down strategies start with a bulk gold salbs (generally film or pellet),
followed by a nanoscale patterning procedure duwhgh most portion of the gold
film is removed, yielding AuNPs with predetermingchle and shap&® One of the
most commonly utilized top-down techniques is tHecteon-beam lithographic
method that results in the formation of multipleygsbd nanostructures with
dimensional control on tens of nanometer lengthlesé&8nother most popular
top-down technique is the laser-based ablatidfirst introduced by Cottoet al®°
As an recent example, Meuniéfgroup developed a two-step femtosecond
laser-assisted technique producing size-controlledy dispersed (20%), and
functionalized spherical Au NPs in agueous solutiothe size range of 2 to 80 nm.
In the first step, seeds were obtained by abladimgld pellet substrate immersed in
aqueous dextran (as stabilizer ligand) solutionfse eed-growth proceeds under
femtosecond laser irradiation for 1h.

4.3. Supported AuNPs
As in the synthesis of ligand-stabilized AuNPs, ginenary role of the support is to
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avoid the aggregation of AUNPs. Moreover, the supplso plays a direct or indirect
role at the AuNP-support interface in gold-catatyzeactions. AUNPs supported by
mesoporous oxides including TOCeQ, SiO,, Fe04, AlOs, ZrO,, the forms of
carbon, and metal-organic framework (MOFs) have atbroapplications in
homogeneous and heterogeneous catalysis.

4.3.1. Oxides

The most widely used procedure for the preparatibuNPs supported on these
insoluble oxides solids is the precipitation—deposi method. Starting from an
agueous solution of HAugladdition of a base leads to precipitation of atore of
Au(OH), or Au(OH) Cl,.«. Related gold oxy/hydroxides that adsorb intostbied are
then reduced to metallic Au by boiling the adsorbpdcies in methanol or any other
alcohol. After adsorption on the solid surface, Auférmation occurs by nucleation
and growth. The pH of the precipitation and theeo#xperimental conditions (nature
of the alcohol, temperature and time of the redwugticalcination procedure, etc.)
provides a certain control of the particle sizettof resulting NPE°The ideal solid
oxide support should have a high density of hydrgxgups and a large surface area
according to the deposition-precipitation mechanismrder to achieve the formation
of AuNPs with narrow size distributiofi>*****€haracterization techniques for the
oxide-supported AuNPs include TEM, SEM, XRD, Ramad UV-vis spectroscopies.
Since Haruta’ seminal discovéfyin the 1980’s of CO oxidation by.@o CG at low
temperature using Ti#supported AuNPs that are smaller than 5 nm, these
oxide-stabilized AuNPs are widely studied in cas@yfor aerobic oxidations of
various substrates including alcohol oxidation, GRidation, and hydrolytic
dehydrogenation and for hydrogenation reacti5fd®

4.3.2. Carbon

In the family of activated carbons, carbon bladysphites and carbon nanotubes
(CNTs) have been reported to support AuNPs for Iytitaapplicationd®*and
sensing>* The precipitation—deposition method that is verseful with oxide
supports results instead in aggregation with carbmpports®® Thus, in order to
deposit AUNPs on carbons, two steps are requirbis. first step is the synthesis of
the AuNPs by either the Turkevitch method or thesBmethod using a stabilizer
such as citrate, thiol, polymere. The second step is the immobilization of prefatme
AuNPs on the surface of active carbons (also caldbacks and graphite) or into the
matrixes of CNTs. Concerning the immobilizationpstas shown by the group of
Prati and Rosst*°the carbon support is added into a sol of prefordeNPs with
vigorous stirring, and the AuNPs are immobilized tve support with a certain
amount of AuNP loading. A high stabilizer/Au ratmaintains the original sizes of the
AuNPs during the immobilization stéPSol-carbon interactions are critical to control
the resulting AUNP siz&> 39

4.3.3. Mesoporous materials and MOFs
4.3.3.1. Mesoporous materials
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Mesoporous material-supported AuNPs are widely @sedatalysts. The production
of these types of catalysts leads to high surfaea-assystems, in which the
shape-selective behavior of mesoporous materialdeacombined with the catalytic
action of metal particles. This shape selectiviipmot be achieved with amorphous
oxide-supported metal cataly$i$3°® Among all the mesoporous materials, the
mesoporous silicas have gained great attentiontdute properties of MCM-41
(MCM: Mobil Composition of Matters) and related maals, including highly
ordered mesopores, controlled pore size, specificfase areas and pore
volumes®#2394%\n early synthesis of silica-coated AUNPs was regubin 1996 by
Mulvaney’ group. The silane coupling agent (3-arpropyl)-trimethoxysilane was
used to render the gold surface vitreophilic. Aftez formation of a thin silica layer
in aqueous solution, the particles were transfernéd ethanol for further growth
using the Stober method. Varying the silica shetikness and the refractive index of
the solvent allowed control over the optical praigsrof the dispersiong®

The use of task-specific ligands with calciningpast-treatment provides AuNPs that
are encapsulated into the mesoporous channelsadedoon the surface of silica
spheres®“! For example, Corma’s grofd reported task-specific ligands
containing a cetylammonium moiety to act as stmectlirecting agent that reacts
with AuNPs containing a trialkoxysilyl group. Theatter co-condenses with
tetraethoxysilane (TEOS) to form mesoporous sil{€agure 22) In another recent
example, it was reportéthat a —NH and —NH functionalized mesoporous carbon
nitride (MCN) stabilizes AuNPs. The synthesis inea the reduction of Aug¢by
NaBH, in water suspension in the presence of MCN.

EtQ OEt
Si-0Et
E 3
™
. OEt e
-.-#u;_» "Nennn 8- OFEY I Lf.Jf'j.\. ML OH,
'+ OEt CTARTr,
M
Y
Si-0OEt
EtQ OQEt

HCl
Methanol

Figure 22.Synthesis of AuNPs encapsulated in mesoposilica. Reprinted with
permission from ref 402 (Corma’s group). CopyrigB05 Royal Chemical Society.
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Besides task-specific ligands, the AuNPs are atsated with polymers and then
encapsulated by mesoporous materials as coreAtlIPs. For instance, Jan et al.
“%%eported a preparation of AuNP/mesoporous silickular nanostructures.
Poly(L-lysine) (PLL) and poly(L-glutamic acid) (PLA multilayer-coated
membranes are immersed in a HAuSBlution to form AuNP/PLL/PLGA multilayers.
Subsequently the membranes are taken out fromotbéan and inserted in a freshly
prepared orthosilicic acid solution for 6-12 h,arder to allow precipitation of silica
in this multilayer. After thoroughly rinsing withater and drying at room temperature,
the as-prepared AuNP/meso-%iPLL/PLGAmultilayer is obtained and purified by
calcination (Figure 23).

PC membrane

(1) PLL
(2) PLGA

1). (2)...
Gold particles/m-silica tubes l (1).2) Mesoporous silica tubes

l I

pH=11.5 l HAuCl4 Remove surface l Orthosilicic
coating acid
Remove surface | Opthosilicic
cpating l acid Silicified
(PLL'PLGA),
Silicified coated PC
(PLL'PLGA), - membrane
coated PC
| l:ﬂnl;"_n“e Remove PC 1 Remove
Forin membrane polypeptides
gold particles m-silica . —
wall Remove PC Remove
b Ivpeptides
membrane polypeptides __
g ————
. — Mesoporous silica tubes
o —

Gold particles m-silica tubes
Figure 23. Procedure used for preparing mesoposdices and AuNP/meso-silica
tubes. Reprinted with permission from ref 403 (dagroup). Copyright 2011
American Chemical Society.

4.3.3.2. MOFs

MOFs are another form of mesoporous materials a@inatthermally robust and in
many cases highly porous. It is expected that tystaline porous structures of
MOFs limit the migration and aggregation of AuNFPBus, MOF- supported AuNPs
have gained progressive attention since their fepbrt by Fisher and co-workers in
20057 In Fisher’s method, the precursor AuNPs are mixigd MOF-5 and loaded
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into MOF-5 both by thermal metal organic chemicaber deposition (MOCVD) and
photo MOCVD. Then Ishidat al*® reported a new method for the synthesis of
MOF-5-encapsulated AuNPs by solid grinding withoujanic solvent (Figure 24).
Very recently, Xu’ grouf® “°published the synthesis of ZIF-8-encapsulated AuNPs
(Zn(MelM), MelM = 2-methylimidazole). The pretreated ZIF-8 dspersed in a
HAuCl,/MeOH solution, and the mixture is pumped for 1-Zohbe mushy, then
suitable amounts of MeOH are added into the slamg NaBH in MeOH is added
under vigorous stirring for the complete reductduCl, . The solid is recovered by
filtration and thoroughly washed with MeOH. Very akediffractions were detected
from powder XRD patterns, indicating the formatioh small AuNPs that was
confirmed by TEM and HADDF-STEM.

Au Clusters on PCP

o H, Reduction ¥ s $
: 3 % 120 °C
Solid Grinding

Figure 24.Synthetic procedure ofMOF-5-encapsulat@diNPs. (PCP:porous
coordination polymer) Reprinted with permissionnfraef 405 (Haruta’s group).
Copyright 2008 Wiley-VCH.

5. Bimetallic AUNPs

Au bimetallic NPs are classified in two types ofimg patterns: core@shell NPs and
alloy bimetallic NPs. The core@shell NPs consisa ofietal shell surrounding a gold

core, or gold shell surrounding another metal cohese NPs could be considered as
heterogeneous. The alloy bimetallic NPs consists bbmogeneous mixture of gold

and another metal in the NP. Many Au bimetallic M@se been reported with Ag, Pd,

Pt, Zn, Cu, Zr@, CdS, FeO; Eu, Ni, and RH.

5.1. Core@shell NPs

Core@shell heterobimetallic NPs have appeared ip #970's'%4%® and
Toshimd™** has synthesized PVP-stabilized Au@Pd and Pd@AucatBlysts,
characterized them by X-ray absorption fine strreguand shown that Au@PdNPs
were more active than PdNPs for catalytic hydrogenaeactions, due to synergistic
electronic effect§’**“The Au-FeO, bimetallic NPs are attractive materials for
biological and medical areas, due to their theran@therapy + diagnostic) properties
involving magnetic resonance imaging (MRI) and hyipermia®'® ¢

The Au-core@other metal-shell NPs are generallyf®gized by sequential reduction
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of appropriate precursofs’ For example, Crooks’s group reported various wafys
forming Au-Pd bimetallic NPs in dendrimers. Theuetibn of metallic precursors is
initiated either by the polyol method or by additiof NaBH:.. The co-complexation
of dendritic PAMAM interior ligands followed by redtion results in a core@shell
structure. For instance, the polyol reduction oftersults in the formation of
Au-core@Pd-shell NPs, because of the differencéhénreduction potentials of Au
and Pd. The Ali precursor is easier to reduce than various tiansihetal cations
including Pd and provides a seed for 'Ptb be reduced on for the synthesis of
Au@Pd NPs. The sizes of the core and shell aredated by the Au/Pd ratio used
during the synthetic procedure. Alternatively, degant method used by Crooks is
galvanic displacement that involves the redox readtetween a DEN and metal ions
of another metdl*’ Recently, Xie et al. reported the synthesis of At@Ru nano
raspberries for catalysts® As shown in Figure 25, the first step is the folioraof an
Ag shell around the Au core. The conversion from@Ag to Au@Pt particles is
achieved via the galvanic displacement of Ag by tlRough the addition of
hexa-chloroplatinic(IV) acid. Silver is deposited the Pt surface in a second coating
step, again using AgN{and sodium citrate as reducing agent. In thedtegi of the
synthesis, raspberry-like Au@Pt@Au NPs are formadhe concerted action of both
reagent reduction and galvanic replacemeiate(infrg). As shown in the SEM image
inFigure 25b, this approach leads to the growththef desired Au protuberances
instead of the formation of a complete and smoatlsiell.

AgNO, H,PtCl, —
Sodium Citrate
Au Au-Ag Au-Pt
AgNO; HAuCl, _ . 'Ls
Sodium Citrate Sodium Citrate = & 3
Au-Pt-Au
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in thefabrication of Au/Pt/Au core/shell nanoraspiesand b) SEM image of the
product Au@Pt@Au. Reprinted with permission frorfi 4&8 Schliickes group).
Copyright 2011 American Chemical Society.

The other metal-core@Au-shell NPs are usually ssied by forming the Au shell
on the other metal core, i.e. sequential loadirdyraduction of the metals leads to the
choice of core and shell, because the metal tHastsntroduced forms the cofé’ A
variation involves core surface modification within€tional groups serving as
templates for the nucleation of A% **° For example, small E®&; NPs (5-15 nm)
were first synthesized by reduction of Fe(agalby 1,6-hexadecanediol in the
presence of the capping agents oleic acid (OA)adegamine. Then, the E®; NPs
served as seeds for the coating of the Au shedyl@inine is a crucial surfactant,
providing an amine functional group that coordisate the Au atoms, which is
followed by reduction of Au(CECOO) by 1,6-hexadecanediol in the presence of
oleylamine. As a result, the HR-TEM confirmed tlenfiation of monodispersed
FeO,@Au NPs with a 5-15 nm core and 0.5-2 nm Au shetkness'*’Core@shell
AuNPs are also known with AuNPs coated with silballs (8 4.3.3.1).Murphgt al
disclosed silica nanospheres with a nanoscale oaermf gold (“nanoshells”) that
have tunable absorption in the visible and NIRargj which leading to remarkable
potential use of these AuNPs in cellular imadifig.

5.2. Bimetallic alloy NPs

The bimetallic Au alloy NPs are generally synthediby simultaneous reduction of
appropriate precursofé>***For instance, Liu and Walker reported a Au-Cu cabe
that was formed by simultaneous reduction of copppexcetylacetonate and HAuLCI
by 1,2-hexadecanediol in diphenyl ether in the gmes of 1-adamantanecarboxylic
acid, 1-hexadecylamine, and 1-dodecanethiol. Thé& Tihage showed that the
as-prepared particles were perfectly cubic in stapmkuniform in size, averaging 23
nm, and the EDX spectroscopy line scanning analgbiswed a homogeneous
distribution of copper and gold across theentineocabe*?*

Recently, Negishet al synthesized the precise alloy clusters;sAAgn(SCioH2s)18

by reducing various ratios of HAUWIAgNO; mixtures and purified them by
precipitation in acetonitrile. The structures weomfirmed by MALDI and LDI mass
spectrd®Later,Kumara and Da%¥developed this method to obtain the alloy
clustersAuyas - Agn(SRE(SR= SCHCH,Ph, SGH13 or SG,H5) by etching of the
pre-formed Au/Ag clusters with excess thiol. Thdicgd absorption spectra of the
nanoalloy clusters in the UV-vis. region exhibiteg@ distinct features: a “plasmonic”
peak around 430 nm (2.9 eV) and two shoulders a&8d0 (4.0 eV) and 560 nm (2.2
eV). The higher is the n value, the clearer isa¢ppearance of these features (Figure
26).426,427
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Figure 26. UV-vis. spectra of ApAgsx(SR)cclusters for Au / Agprecursor ratio of 1:
0.66 with phenylethane thiol (dotted), hexane {d@thed), and dodedane thiol
(solid). Reprinted with permission from ref 426 @3s group). Copyright 2011 Royal
Chemical Society.

6. Conclusion and outlook

The preparation of AuNPs that has been known faery long time has met a
considerable amount of variations involving mukipinaterials from biology to

functional molecules and finally the solid stateheTengineering of AuNPs has
become finely tuned with size and shape controlato® targeted applications. The
intrinsic lack of toxicity of the AuNP cores andeth topological, optical, sensing,
catalytic and biomedical properties will obviouséad to a huge expansion of their
applications in nanotechnolodf? **°

In summary, AuNPs with size below 10 nm are egsigpared by the Brust-Schiffrin

method or by high-temperature reduction with oxatel other solid supports for
catalytic applications with supported AuNPs smaltkan 5 nm. In molecular

chemistry, thiolate ligands provide robust AuNPs 160 nm size, and direct
syntheses, ligand substitution reactions with fiematl thiols and post

functionalizations using for instance olefin meégis, click reaction and amide bond
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formation provide rich means of multiple functiozations for potential biomedical
applicationg:>!432

AuNPs larger than 2 to 3 nm present the plasmod basulting from the interaction
of light with the collective conducting surface @lens of the AuNPs that is not
observed for AUNPs smaller than 2 nm due to thaliation of electron in molecular
Au cluster bonds. The plasmon band of relativelgdaAuNPs is thus most useful for
various imaging and other optics techniques. Tloeeethe improved Turkevich
method using citrate Al reduction is still much in use for the synthesissoch
AuNPs in the 10-50 nm-size range that are functibea with biomolecules, drugs,
receptors and imaging agents for diagnostic andaplyeapplications. The seed-
growth method with recent progress, however, is nomsidered as more precise than
the Turkevitch method, because it provides narrosiege distributions. For the
synthesis of AuNPs larger than 100 nm, the seeddfgronethod is also specifically
efficient. AuNPs with various shapes (rods, culbesngles, hexapods, ribbons,
hollow cages, branches, polyhedrons) are synthésizeng this method by careful
controlling of the synthesis conditions.

The technology of solid state-supported AuNPs skeated with glass decoration (e. g.
the IVth-century Lycurgus cup)continues to fas@natientists with the remarkable
catalytic properties ointer alia oxide-supported AuNPs. The latter, pioneered by
Haruta 25 years ago, is still expanding using &taof solids including mesoporous
materials, MOFs and heterobimetallic NPs towardsmpsing “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 nanopatrticle

AuNR: gold nanorod

CNT: carbon nanotube

CPA: cyclic phenylazomethine

CTAB: cetyltrimethylammonium bromide

DENSs: 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 scannirtgansmission electron
microscopy
HEPES:N-2-hydroxyethylpiperazin®d-2-ethanesulphonic acid
HR-TEM: high-resolution transmission electron mswopy
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 sfpescopy
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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Taxanes have been recognized as a family of very efficient ant-
cancer drugs, but the formulation in use for the two main tax-
anes—Taxol for paclitaxel and Texotere for docetaxel—have
shown dramatic side effects, Whereas several new formulations
for paclitaxel have recently appeared, such as Abraxane and
others currently in various phases of clinical trials, there is no
new formulation in clinical trials for the other main taxane, do-
cetaxel, except BIND-014, a polymeric nanoparticle, which re-
cently entered phase | clinical testing. Therefore, we review
herein the state of the art and recent abundance in published
results of academic approaches toward nanotechnology-based
drug-delivery systems containing nanocarriers and targeting
agents for docetaxel formulations. These efforts will certainly
enrich the spectrum of docetaxel treatments in the near

Introduction

Among all diseases, cancer is one of the main causes of
death™ Traditional cancer treatments such as surgery, radio-
therapy, and chemotherapy are limited"*9 In chemotherapy
with anticancer drugs administered by classical formulations,
95% of the therapeutic agent is taken up by healthy tissues
and cells, and only 2-5% reaches tumors. Adverse side effects
are a crucial problem and limit drug doses. Consequently, ef-
fective vectorization of anticancer drug therapies is required,
and the past few years have witnessed much progress involv-
ing nanotechnology approaches toward vectorization strat-
egies. Nanovectors can be defined as an association between
a drug, a nanocarrier, and a targeting agent. The later allows
the selective transport of the drug to the exact organ, tissue,
or cell where its activity is required. In addition, the vector-
drug association must be labile under suitable conditions
upon reaching the targeted location. Drug targeting is another
expression for drug vectorization. The vectors must be water
soluble and must impart water solubility to drugs that are, for
the most part, hydrophobic. They must also be stable and
should have prolonged persistence in blood circulation after
intravascular administration. Nanotechnology tools (tools in
the size range of a few nanometers to — 100 nm) include mi-
celles, liposomes, polymers, steroids, peptides, hyaluronic acid,
folate, fatty acids, antigens, dendrimers, nanotubes, and vari-
ous types of nanoparticles (NPs). Vectorization can be passive
with supramolecular encapsulation (weak drug-vector bonds)
or active (covalent drug-vector bonds that are selectively
cleaved at the target site). In the later case, covalent incorpora-
tion of a specific receptor that is overexpressed at the cancer
cell surface will specifically guide the drug-vector assembly to
cancer cells, Finally, drug delivery by the vector at the cell sur-
face may be effective before or after endocytosis.

Traditional anticancer drug therapies have been classified as
chemotherapy, hormane therapy, or immunotherapy™ Nowa-
days, researches are focused on anticancer drug delivery and
on the use of chemotherapy drugs such as doxorubicin, dau-
norubicin, fluorouracil, taxanes, and many others. Among
them, docetaxel has gained considerable attention since its
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future. Taxotere's systemic toxicity, low water solubility, and
other side effects are significant problems that must be over-
come. To avoid the limitations of docetaxel in clinical use, re-
searchers have developed efficient drug-delivery assemblies
that consist of a nanocarrier, a targeting agent, and the druag,
A wide variety of such engineered nanosystems have been
shown to transport and eventually vectorize docetaxel more
efficiently than Taxotere invitro, in vivo, and in pre-clinical ad-
ministration, Recent progress in drug vectorization has in-
volved a combined therapy and diagnostic (“theranostic”’) ap-
proach in a single drug-delivery vector and could significantly
improve the efficiency of such an anticancer drug as well as
other drug types.

discovery and development by Pierre Potier at the CNRS in
France during his wark on improving the production of Taxol
Docetaxel belongs to the family of taxoids or taxanes, which
are diterpenes produced by the plants of the genus Taxus
(yews).* The best-known derivative of the taxanes is paclitaxel,
which was originally available from the bark of the Pacific yew
(Taxus brevifolia); direct extraction of this natural product was
an ecologically detrimental and unsustainably laborious pro-
cess (see Scheme 1) Paclitaxel later became accessible through
total synthesis, although this process is impractical’®* Pierre
Potier was the first to address the problem of yield. In the
early 19805, he demonstrated the facile and ecologically sound
isolation of large quantities of 10-deacetylbaccatin-lll, the po-
tential precursor of paclitaxel, from the needles of Taxus bacca-
ta (the European yew); in 1988 he published the semi-synthe-
sis of this key compound from these needles!™™ However, pa-
clitaxel is currently produced by plant cell fermentation tech-
nology. Whereas the original formulation of paclitaxel, Taxol, in-
volved the solvent Cremophor, which caused high toxicity,
a now clinically approved formulation is an albumin-bound pa-
clitaxel marketed as Abraxane. The human serum albumin
used in Abraxane facilitates endothelial transcytosis of plasmat-
ic components and paclitaxel transport through endothelial
cells® Thus, the tolerated dose is higher than that of the Cre-
mophor formulation, leading to increased efficiency.

Potier's research into an efficient synthesis of paclitaxel also
included the motivation to access closely related taxanes from
10-deacetylbaccatin-lll, and in this manner Potier discovered
docetaxel, which he made available by semi-synthesis in a few
steps from the needles of Taxus baccata. Docetaxel has shown
better bicavailability and superior activity than paclitaxel in
some invitro and in vivo assays,™ and frequently even in clini-
cal settings.™ Docetaxel is now a major anticancer drug, espe-
cially for the treatment of breast, gastric, ovarian, prostate
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{metastasis), and non-benign lung cancer™" Annual sales in
2010 (Sanofi-Aventis) were € 2,122 billion (5US 3.1 billion).

As shown in Scheme 1, docetaxel is related to paclitaxel in
terms of structure and neighboring activity, but it differs from
paclitaxel particularly in its toxicity and antitumor efficacy. As
with paclitaxel, docetaxel is an anti-neoplastic agent that acts
by disrupting cellular microtubule networks that are essential
for mitotic and interphase functions. The anticancer mecha
nism of docetaxel and paclitaxel can be described briefly as
follows: they bind free tubulin and promote its assembly into
stable microtubules, while simultaneously inhibiting disassem-
bly; this leads to the production and stabilization of microtu-
bule bundles that lack normal function. Thus, these com-
pounds prevent cancerous cells from dividing, leading to their
death,""! Relative to other anticancer drugs in cument use,
docetaxel has a broad spectrum of activity against a variety of
tumars. Furthermore, docetaxel is considered to be as or more
effective than doxorubicin, paclitaxel, and fluorouracil as a oyto-
toxic anti-microtubule agent. For instance, docetaxel is up to
fivefold more potent than paclitaxel in vitro with regard to pro-
moting microtubule formation and inhibition of depolymeriza-
tion™ Docetaxel has both anti-angiogenic and antitumor effi-
cacy. Therefore, this review is limited to docetaxel in drug-de-
livery systems.

Despite the success of docetaxel against several tumor
types, there are still severe limitations for docetaxel and other
anticancer drugs, including poor agueous solubility (normally
at the level of pgmL™") and the systematic toxicity mentioned
above ™' To address these problems and to use anticancer
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drugs more efficiently in cancer therapy, researchers have fo-
cused their attention on the design of nanovectors for anti-
cancer drug-delivery systems.™ Drug-delivery systems should
not only impant anticancer drugs with improved water solubili-
ty, but should also target the anticancer drugs directly to
tumor tissues in order to minimize their side effects (see
Figure 7).

e
i
k3

MNanocarrier

S

=

Targeting agent

Anticancer drug

Figure 1. General view of a docetaxel delivery system.

The most common potential nanocarriers of docetaxel and
other anticancer drug-delivery systems are polymers, dendrim-
ers, inorganic NPs, and liposomes.® ™! The main targeting
agents used for receptor recognition are monoclonal antibod-
ies, peptides, folates, hyaluronic acid, fatty acids, and transfer-
rin** Herein we discuss nanocarriers for docetaxel delivery,
then consider targeting agents that would assist docetaxel in
recognizing receptors at the suface of cancer cells. Ideal nano-
carriers have transport properties including good water solubil-
ity, appropriate size, biocompatibility, biodegradability, and
suitable pharmacokinetics. The nanocarrier transports both the
drug and targeting agent that has selectivity (passive or active
vectorization) for distribution to cancer cells rather than to
normal cells.

A. Nanocarriers for docetaxel delivery

Various nanocarrier types for docetaxel delivery have been in-
vestigated invitro and in vivo. Extensive clinical research with
docetaxel has been carried out over the last decade using the
classic formulation of Polysorbate 80; on the other hand, only
very few vectorizing formulations have entered phase | clinical
trials. There are two fundamental kinds of conjugation be-
tween nanocarriers and docetaxel: noncovalent and covalent.
For each type of conjugation, the following properties have
been sought: 1) good solubility under physiolegical conditions,
2) good stability until the drug arrives at the target cancer
cells, 3)selectivity and efficiency in targeting tumor cells,
4) slow release in tumor cells, and 5) minimal side effects
toward other cells. Thus, some nanocariers also come
equipped with a targeting agent (see below). For the noncova-
lent linkage approach, the greatest challenge is encapsulation
by the nanocarriers and stability before arrival at tumor cells.
For the covalent approach, prodrugs linked to the nanocarriers
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should be stable throughout the bloodstream, readily cleaved
to the active state, and released upon reaching the cancer
cells.

1. Polymers

The advantages of drug biostability in polymeric nanocarriers
were initially illustrated by Ringsdorf in 1975 #%%1 Subsequent-
ly, because of their small size and low cost, polymers have
been the most widely used nanocarriers, and in particular
many water-soluble polymers have been tested for drug deliv-
ery”" In recent years, along the discovery and development of
docetaxel, polymers have played an important role as nanocar-
riers.*"*=l The conjugation between polymer nanocarriers
and docetaxel can be organized by either covalent bond or by
micelle formation. The former conjugation is defined as a poly-
mer-drug system, and the latter as a polymeric NP

1.1. Poly{ethylene glycol)

Among a variety of hydrophilic polymers, polylethylene glycol)
(PEG), also referred to poly{ethylene oxide) (PEO), has emerged
as one of the most promising nanocomponents ™ ** 1 jy
drug-delivery systems, particularly because of its good water
solubility, biocompatibility, steric protection of micelles, and
enhanced permeability and retention (EPR) effect™ As a main
polymer in nanomedicine, PEG and PEG derivatives (including
PEG copolymers) have been widely used as drug-loaded mi-
celles to incorporate not only docetaxel, but also other anti-
cancer drugs such as doxorubicin, cisplatin, haloperidol, pacli-
taxel, and indomethacin.®**1

Due to its hydrophilicity, PEG used as a nanocarrier can in-
crease the solubility of docetaxel. For example, Mikhail and
Allen™ reported the physicochemical characteristics of a bio-
compatible block copolymer composed of polylethylene
glycol)-b-polyle-caprolactone) (PEG-b-PCL) and a copolymer—
docetaxel conjugate (PEG-b-PCL-docetaxel) linked by a cova-
lent bond. In this case, the conjugation of the drug was found
to have a profound effect on drug loading, which was 1840-
fold higher than the free drugs in water. PEG-b-PCL-docetaxel
was released over the course of one week, indicating its excel
lent capacity for sustained drug release (see Scheme 2 and
Figure 2). Similarly, Shin etal™ conjugated docetaxel with
polylethylene glycol)-block-pely(p, L-lactic acid) (PEG-b-PLA) to
increase the solubility from the pgmL™" range to the level of
mgmL",

Moreover, PEG has one active hydroxy group located at
each end of the polymer chain, which means that it can be
easily hetero-bifunctionalized at the two termini. Thus, re
searchers have been able to introduce the drug and the tar-
geting agent at each terminus of the PEG molecule. A remark-
able application of PEG in docetaxel delivery was demonstrat-
ed by Zhang's research group®! They situated a peptide, the
Asn-Gly-Arg (NGR) motif, as a targeting agent at the hydrophil-
ic termini of the PEG-b-PLA copolymer, and anticancer drugs
were encapsulated by the hydrophobic termini (PLA) of the co-
polymer to form a polymeric NPs as NGR-PM-docetaxel (see

ChemMedChem 0000, 00, 1-22

76



Docetaxel Nanotechnology

Scheme 2, Synthesis of PEG-b-PCL-docetaxel Reprinted with pemission
from ref. [20], Copyright 2010 American Chernical Society.

Scheme 3). Compared with other formulations, NGR-PM-doce-
taxel has excellent invivo antitumor activity, which can be
seen in Figure 3. It was concluded that NGR-PEG-b-PLA-doce-
taxel is a potential vehicle for the delivery of hydrophobic che-
motherapeutic agents to CD13-overexpressing tumors. PEGs
have also been covalently attached to inorganic NPs to form
a nanocartier. For example, [1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-carboxyPEG) lzp (DSPE-PEG-COOH) stabi-
lized oleic acid coated hydroxyapatite NPs can encapsulate do-
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Figure 2. Release of chemically conjugated docetaxel (Dl frem PEG-b-PCL-
docetaxel micelles at 10 mgmL~" (24 mgmL-' Dt eguivalent) in PES

{(pH 7.4} Reprinted with pemission from ref. [30], Copyright 2010 American
Chemical Society

Table 1. Inhibition of PC3 and DU145 cell growth after incubation with
docetaxel and docetaxel-MPs for 24, 48, and 72 h.,

Time [h} 1€y T
] DuU14s
Docetaxel Docetaxel-NPs  Docetaxel Docetakel-MPs
24 NASLL09 997441104 103441090 7E77L 1126
48 70871112 S05441.117 661941110 439911007
72 431341079 257141095 371041052 247241141

[a] Data from ref. [66].

cetaxel into the NPs (see Scheme 4). As shown in Table 1, this
formulation, with docetaxel inside and oleic acid as targeting
agent at the NP periphery retained the pharmacological effects
of docetaxel while enhancing the therapeutic efficiency of the
encapsulated drug in vitro.®' Very recently, PEGylated poly(n-
butylcyanoacrylate) (PBCA) NPs prepared by the emulsion
polymerization method were reported This method has the
unigue advantage of single-step insitu polymerization, nano-
particle formation, as well as PE-
Gylation. It is also helpful for
ligand or antibody conjugation
using the amine groups of PEG
derivatives as initiators of poly-

0 o T : 5
n:(\ P "'\"qu — merlzatlc?n reactions. The phar
DMF /- Y NHONH: gen macological profiles of these do-
pH 8.0 : E;}"' u ny o cetaxel-containing  NPs  have
“"\3‘["‘ P i been studied. The results of in
’ vitro cell line studies demon-
" o strated the effectiveness of this
i O A .
AT uv{\_ ol 1] |’IJ carrier as a nanocarrier for drug
p »-S= N HA = Ol O U= CH=0=1—H ; ST ¥
an 5 i B delivery, and in vivo animal stud-
> 2
ua M | Gﬁ & solvent ies showed the clear advantage
?u .,}J LA N evaporation of this formulation over other
o o, ™ formulations in terms of lower
no :
im0t on-ci04—C—cn—o——n blood clearance, lower liver
o " uptake, high blood concentra-
e - o @ tion, and prolonged plasma half-
b / £ 1671
life.
Scheme 3. Synthesis of NGR-PEG-b-PLA copolymer and strategy of docetaxel encapsulation. Reprinted with per-
mission from ref. [65], Copyright 2004 Elsevier.
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Figure 3. A} Antitumor activity and B} body weight change in HT1080-bear-
ing nude mice treated with varous formulations as indicated. Data represent
the mean £50 [n=&). Dixl: docetaxel; PM-Did: PEG-b-PLA with docetaxel;
MNGR-PM-Ditxl: NGR-PEG-br PLA with docetaxel Reprnted with permission
from ref. [65], Copyright 2009 Elsevier.

1.2. Other polymers

Besides PEG, ather polymers have also been used as nanocarri-
ers of anticancer drugs. For instance, polyilactic acid-co-glycolic
acid) (PLGA), a biocompatible, bicabsorbable polymer, shows
promise in medical applications and can easily be tailored to
vary release and degradation.®™ Another example is N-(2-hy-
droxy propylimethacrylamide (HPMA) copolymer, which, due to
its hydrophobicity and slow hydrolysis in agueous media, has
been used to encapsulate drugs and control release™ In
recent reports, PLGA and HPMA were described as two effi-
cient nanocarriers of docetaxel®** Cao etal. designed and
developed PLGA-b-poly(carboxybetaine) (PLGA-b-PCB) copoly-
mer that self-assembles into NPs with the hydrophobic PLGA
core and a PCB shell. These NPs could be used for the loading
of docetaxel; however, the efficiency of these docetaxel formu-
lations for in vitro and in vivo testing still needs to be assessed
(see Scheme 5. HPMA has been used for docetaxel delivery
by Ulbrich and colleagues, who described the synthesis and
physicochemical characteristics of the biological activity of
polymer prodrugs based on a docetaxel derivative (docetaxel
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Scheme 4, The formulation of nanoparticles and the process for drug load-
ing. Reprinted with permission from ref. [66], Copyright 20710 Elsevier.
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Scheme 5. Synthesis of PLGA-FCE copolymers, formation of PLGA-PCB/doce-
taxal NPs, and post-functionalization of NPs with targeting ligands or diag-
nostic dyes (TFA: triflucroacetic acid; HMTETA: 1,1,4,7,10,10-hexamethyltrie-
thylenetetramine; ATRP : atom-transfer radical polymenzation), Reprinted
with permission from ref. [53], Copyright 2000 Wiley-VCH.

LEV). The latter was acylated with levulic acid and conjugated
with a water-soluble HPMA drug carrier. The formulation is
shown in Figure 4 A™ The ensuing in vivo test demonstrated
that the conjugates are relatively stable in blood (pH 7.4) and
that the active drug is released under mildly acidic conditions
{pH 5) reflecting the lysosomal environments in cells. This for-
mulation of docetaxel indicated the high activity in treating
EL4 T-cell lymphoma, and was devoid of side toxicity (see Fig-
ure 4 B). Sanna et al. reported biodegradable block-copolymers,
poly(lactide-co-caprolactone) (PLA-PCL) and poly(lactic acid-co-
glycolic acid)-block-poly(glycolide) (PLGA-PCL) for the formula-
tion of docetaxelloaded NPs and compared them with PLA-
and PLGA-NPs. These vectors were prepared by nanoprecipita-
tion using Pluronic F-127 as surfactant. Cytotoxicity studies
demonstrated the advantages of the docetaxel-loaded PLGA-
PCL NPs over pure docetaxel in both a time- and concentra-
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Figure 4. A) Structure of docetaxel derivative (docetaxel-LEV) (left) and polymer conjugate with docetaxel dervative HMPA-LEV-docetaxel {right). B} Antitumor
efficacy, acute toxicity, and survival after re-transplantation of docetaxel, docetaxel-LEV- and HMPA-LEV-docetaxel-treated EL4 lymphoma-bearing C57BLs

mice. C57BL/6 mice were transplanted subcutaneously with 1x10% EL4 cells and treated with (e
J HMPA-LEV-Dibd §2 %40 {ma Did equiv) kg™, intravenous drug administration on days 8 and 12
1 Dl (220 mg kg ™), naive mice; (s) solvent 0.2 mL ELOH + Cremoph or/PRS, naive

7Y ) HMPA-LEV-Dixcl {2 20 (mg Diod equivikg ™), or |
Control mice wene left untreated. Tumor growth (a), body weight (b} [(

) Dtxd (220 mgkg ™), (w3} Dbd-LEV (2% 20 mgkg™"},

mice], and overall survival () were menitored, Surviving mice {70 days) were re-transplanted with 1x 10° EL4 cells and loft untreated : survival time (d) was
monitored. Reprinted with permission from ref, [54], Copyright 2010 American Chemical Socdiety.

tion-dependent manner. In particular, an increase of 20% of
PC3 growth inhibition was determined for PLGA-PCL NPs with
respect to free drug after 72 h incubation and at all tested do-
cetaxel concentrations,"!

DeSimone's research group reported the generation of engi-
neered PLGA by a process consisting of particle replication in
non-wetting templates that allowed the fabrication of particles
of almost any shape and size independent of process parame-
ters. These sizes and shapes could be used to affect cell
uptake, biodistribution, and flow characteristics. Compared
with other present formulations listed in Table 2, these parti-
cles had efficient loadings of docetaxel (up to 40%), and high
encapsulation efficiencies (>90%)."" Very recently, Emsting

ChemMedChemn 0000, 00, 1-22
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et al” developed a polymer conjugate (Cellax) composed of
acetylated carboxymethylcellulose (CMC), docetaxel, and PEG
{the formulation is shown in Figure 5 A). Relative to Taxotere,
this formulation exhibited a 38.6-fold greater area under the
curve (AUC), and significantly lower clearance (2.5%) in phar-
macokinetics. Furthermore, it can decrease nonspecific distri-
bution of docetaxel to the heart, lung, and kidney by 48, 90,
and 90%, respectively (see Figure 5B), relative to Taxotere. The
tumor uptake of this formulation was 5.5-fold greater than
that of Taxotere and it exhibited enhanced efficacy in metastat-
ic mouse tumor models. These results demonstrated that this
formulation improves the pharmacokinetics, biodistribution,
and efficacy of docetaxel over Taxotere,
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Table 2, Encapsulation of docetaxel in PLGA/PLA particles™

Fabrication Tatric Theoretical  Encapsclation  Citation

method loading [%]  effidency [%]  inref [55]

emulsion PLGA 0.5-1 17-23 [24]
PLA 05=1 11=22 [24]
PLGA-mFEG 2 77-83 [25]
PLGA and 2 38-85 26}
PLGA-mPEG
PVP-b-PLGA 4 =45 271
PLGA-mPEG & 26 [26]
PLGA-leci- 10 62 [28]
thin-PEG
PLGA n 70 [15]
FLGAPolox- B& [15]
amer 188

nanoprecipitation  PLGA-PEG 10-15 21=51 [29]

film rehydration  PEG-D-PLA 12 58 [30]

ultrasonication MNGA-PLA-  5-15 G5-498 [31]
PEG

Data collectad from ref. [55].

2. Dendrimers as docetaxel nanocarriers

Since the mid-1990s, the biomedical applications of dendrim-
ers have become increasingly promising™! As nanocarriers,
dendrimers have been designed to improve the aqueous solu-
bility, pharmacodynamics, pharmacokinetics (circulation time,
organ uptake, and tumor accumulation), and bioavailability of

P Zhae and D. Astruc

drugs both invitro and in vivo. As described in a broad review
in 2010,%™ the leading principles for the use of dendrimers as
delivery vehicles involve: 1) the charge of the terminal groups,
which must be neutral or negative to avoid or minimize toxici-
ty (or should be largely masked if cationic), 2)the design of
the molecular architecture to optimize pharmacokinetics, 3) PE-
Gylation for water solubility and biodistribution, 4) the choice
between dendritic encapsulation and covalent attachment to
the branches, and 5)the use of targeting groups (folic acid,
peptides, monoclonal antibodies, and glycosides) that bind
specifically to the receptor targets overexpressed on cancer
cells, A recent report has concemed docetaxel delivery by
functionalizing the dendrimer with cyclodextrins as nanocarri-
ers and glycoclusters for optimal lectin binding 2" In this case,
the glycodendrimer-cyclodextrin conjugates for docetaxel de-
livery produced high drug solubility, and it was shown to be
very efficient for docetaxel delivery (Figure 6). Moreover, this
system suggests the possibility of exploiting guest-promoted
clustering of multivalent carriers that might actually represent
a new approach in active drug targeting.

3. Oligomers as docetaxel nanocarriers

Chitosan™ ™ and cyclodextrin™ ™ are two oligomers typically
used for drug delivery. Chitosan is a linear polysaccharide com-
posed of randomly distributed f-(1—4}inked o-glucosamine
(deacetylated unit) and N-acetylo-glucosamine (acetylated

A)
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s
B)
a) Taxotere b) Cellax: total Dix c) Cellax: released Dtxl
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Figure 5. A} Structure of the Cellax polymer conjugate. This structure is a representation of the docetaxel, PEG, and free carboxylic acid elerments distributed
throughout the polymer chain B Biodistribution of docetaxel (D) delivered by Taxotere and Cellax. Cellax and Taxoten: were administered intravenously at
40 (mg docetaxelkg™ into EMT-6 wmor-bearing BALB/ mice, and the released and total docetaxel in the tisues were extracted and measured by LC-MS.
Data represent the mean £ 5E (n=3); the differences in total docetaxel content botween Taxotere- and Cellax-treated tissues were analyzed for significance
{*p =005, indicated in panel b). Reprinted with parmission from ref. [56], Copyright 2012 Elsevier.
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Figure 6. General architecture of CD dimer-glycodendrimer conjugates and
chemical structure proposed as docetaxel camier. Reprinted with pemission
from ref. [24], Copyright 2004 American Chemical Sedety

unit). It is widely used for drug delivery and biomedical appli-
cations as a bioactive macromolecule. In addition, the presence
of a primary amine at the C2 position allows specific modifica-
tions on the repeat unit® Cyclodextrins are candidates for
drug delivery because of their ability to alter the physical,
chemical, and biological properties of guest molecules through
the formation of inclusion complexes with the widely used nat-
ural @, [}, and y-cyclodextrins that contain six, seven, and eight
p-glucopyranose residues, respectively. Each cyclodextrin has
its own ability to form inclusion complexes with specific
guests, and among them [i-cyclodextrin is the most widely
used in anticancer drug delivery because of its fitting cavity
(the cavity of a-cyclodextrin is too small and that of y-cyclo-
dextrin is too large) for anticancer drug molecules. ™!

3.1. Chitosan

A key property of chitosan for drug delivery is its positive
charge formed under acidic conditions upon protonation of its
free amino groups. The lack of a positive charge means that
chitosan is insoluble in neutral or basic environments. On the
other hand, in acidic environments, protonation of the amino
groups leads to increased solubility, with implications that are
essential for biomedical applications. Chitosan maintains its

ChemMedChemn 0000, 00, 1-22
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structure in a neutral environment, but becomes soluble and
degrades under acidic conditions. This means that it is stable
in the human bloodstream and can release drugs in tumor
cells, given the acidic pH of the latter®

Chitosan is currently used as a popular nanocarrier for doce-
taxel delivery™ For instance, the docetaxel prodrug conju-
gated to low-molecular-weight chitosan (LMWC) has much
lower sub-acute toxicity in body weight loss and hematological
toxicity than free docetaxel without conjugation (see
Figure 7)*" Meanwhile, in vivo testing showed that the oral

Figure 7, Structure of LMWC-docetaxel conjugate in which curved arrows il-
lustrate the cleavage mechanism of the succinate linker to berate the
parent docetaxel. Reprinted with permission from ref. [87], Copyright 2008
Elsevier.

biocavailability obtained from this formulation is the highest re-
ported to date. A comparison of bioavailability data for
LMWC—docetaxel and free docetaxel is listed in Table 3. In ad-
dition, modified chitosan has also been used to efficiently en-

Table 3. Plasma pharmacokinetics parmeters fellowing administration of
docetanel (v} and LMWC-docetaxel conjugate (po) in normal mice at
the indicated doses ™

Parameter LMWE -Docetaxel Docetaxe|
smgkg™' 10mgkg' Smghkg’ 10mgkg-
Coune ML 082 208 66.57 12558
by [P0 240,00 240,00 1.00 100
tyq [mind 202.20 4B9.60 3540 3300
AUGC, . [hmL™ 2902 4320 460 1.34

[a] Data collected from ref. [87].

capsulate docetaxel. Kim's research group reported a special
drug-delivery system consisting of docetaxel conjugated glycol
chitosan, modified by 5-chelanic acid. ™ In this scheme, doce-
taxel was mixed with hydrophobically modified glycol chitosan
(HGC) conjugates in an organic solvent, and the mixture was
dialyzed to produce nano-sized drug carriers in agueous condi-
tions to form self-assembled docetaxel-HGC MPs (see Figure 8).
These docetaxel-HGC NPs exhibited high drug loading efficien-
cy of docetaxel and slow drug release in in vitro tests.

www.chemmedchem.org
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Figure 8. Structure of a hydrophobically modified glycol chitosan (HGC) con-
jugate by coupling of glycal chitosan with Sp-cholanic acid. Reprinted with
permission from ref. [B8], Copyright 2008 Elsevier.

3.2, Cyclodextrin

Due to the hydrophobic cavity and hydrophilic surface™ of cy-
clodextrin, docetaxel can be encapsulated into its hydrophobic

cavity to obtain good solubility by the hydrophilic surface.

Thus, it can potentially transpont hydrophobic drugs. Kralova
et al®™ conjugated docetaxel to a porphyrinated cyclodextrin
(Scheme 6). In vitro studies using mouse mammary 4T1 carci-
noma cells indicated that the porphyrin receptor system com-
bined efficient binding of the selected drug to the cyclodextrin
cavity and photosensitizing properties of the porphyrin moiety
with high accumulation of the whole complex in cancer tis-
sues, The most common pharmaceutical application of cyclo-
dextrins is to enhance the solubility, stability, and bioavailabil-
ity of drug molecules. However, natural cyclodextrins have rela-
tively low solubility, both in water and organic solvents, which
limits their use in pharmaceutical formulations. Recently, vari-
ous kinds of cyclodextrin derivatives have been prepared to
extend the physicochemical properties and inclusion capacity
of natural cyclodextrins as novel drug carriers of docetaxel. Fox
example, Grosse etal, reported the effect of methyl-proyclo-
dextrin (MEBCD) on the antitumor activity of docetaxel. The
authors showed that MEBCD was able to significantly increase
the cytotoxic activity of docetaxel in three different cell
lines.”" Quaglia et al. investigated the application of heptakis-
(2-0-oligo(ethyleneoxide)-6-hexadecylthio-)-p-CD  (SC160H) as
a docetaxel nanocarrier and evaluated its potential treatment
of solid tumors ®

4, Inorganic NPs as docetaxel nanocarriers

NPs are generally defined as materials with three dimensions
between 1 and 100 nm. Due to the specific physicochemical
properties of the NPs themselves as well as the identity of the
functional molecules added to their surfaces, they easily enter
and traverse tissues, cells, and organelles. Thus, in the last de-
cades nanotechnology and nanofabrication have significantly
impacted biomedicine, especially in the field of drug deliv-
ery

4.1, Gold nanoparticles (AulNPs)

Among all the types of inorganic NPs, AuNPs, first rationally
synthesized and studied in 1857 by Faraday™ are among the
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Scheme 6, A) Prepared and tested pomhyrin-CD conjugates. B) Schematic
representation of the formation of a supramolecular camier-drug complex
with dual thermpeutic function. Reprinted with permission from ref, [99],
Copyright 2010 American Chemical Society,
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most widely used NPs for drug delivery and other bioclogical
applications. This popularity is due to their nontoxic and bio-
compatible properties, their size- and shape-controlled synthe
sis, the ease of their surface modification with functional thio-
late ligands, and their extremely rich and versatile optical prop-
arties related to their surface plasmon band (5PB). The latter is
used for both diagnosis and therapy. AuNPs are often function-
alized with PEG, which brings about the EPR effect™ ™ that
serves the vectorization strategy.™' As anticancer drug carriers,
AuMPs have also been modified by thiclate or aminate ligands
at their periphery, and then used to encapsulate anticancer
drugs. The anticancer drug can be linked to AuNPs by a cova-
lent bond to become a prodrug, or it can be encapsulated by
appropriate ligands near the surface of AuNPs with noncova-
lent bonds incorporating drugs into the monolayer™ ™" For
instance, Rotello and co-workers reported the fabrication of
biocompatible AuNPs to deliver drugs to cancer cells via their
incorporation into the monolayer™ The 2.5-nm-core AuNPs
were functionalized with a hydrophobic alkanethiol interior

ChemMedChern 0000, 00, 1-22
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Figure 9. Encapsulation of docetaxel in gold nano particles considerably increases its solubility in water.

that encapsulated the drugs and with a tetralethylene glycol)
(TEG) hydrophilic shell. The ligands possessed zwitterionic
head groups that efficiently loaded the drugs.

Although researches have considered applications of AuNPs
to anticancer drug delivery, only one report has appeared on
AUNPs as drug carriers for docetaxel (Figure9). Indeed, the
PEG-functionalized AuMPs were shown to highly increase the
solubility of docetaxel. Vectorization of PEGylated AuNP-encap-
sulated docetaxel was probed invitro toward human colon
carcinoma (HCT15) and human breast cancer (MCF7) cells.
AuNPs alone presented no cytotoxicity toward either MCF7 or
HCT15 adenocarcinoma cells. The AuNP-loaded docetaxel was
2.5-fold more efficient than Taxotere against MCF7 cells, and
the ICs value of AuNP-docetaxel in HCT15 cells was lower than
that of Taxotere."™

4.2 Silicone nanorattles

Silicone nanorattles are mesoporous silicone nanomaterials
(MSMs) with hollow interiors. Because of their special nano-
structure, MSNs have unigue properties including large specific
surface area and pore volume, tailored mesoporous structure,

ChemMedChemn 0000, 00, 1-22
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high chemical and mechanical stability, and favorable biocom-
patibility. These properties impart MSNs with a prospective ap-
plication as drug-delivery systems.""*'™! Functionalized MSNs
have already been used as robust drug carriers for on-demand
drug release, co-delivery of two kinds of therapeutic agent,
and encapsulation of hydrophobic anticancer drugs ™™

A few recent reports have appeared on M5Ns for docetaxel
encapsulation. For example, Li etal. and Chen etal. synthe-
sized PEGylated silica nanorattles™"" with a diameter of
125 nm, and the hydrophobic docetaxel was loaded into these
nanorattles for liver cancer therapy,™ In Hep-G2 human liver
cancer cells, the half-maximal inhibitory concentration (IC;,) of
silica nanorattle-encapsulated docetaxel (SN-PEG-docetaxel)
was much lower than that of free docetaxel, and the in vive
toxicity assessment also provided satisfactory results. It was
shown that SN-PEG-docetaxel has low toxicity and high thera-
peutic efficacy (see Figure 10).

5. Liposomes as docetaxel nanocarriers
Liposomes, supramolecular assemblies of amphiphilic lipids,

are well-established and versatile platforms for diverse biomed-
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low water solubility can be en-
capsulated, 2) a hydrophilic poly-
meric shell with anti-biofouling
properties to enhance NP stabili-
ty and systemic half-life, and 3) a
lipid monolayer at the interface
between the core and the shell
that acts as a molecular fence to
promote dreg retention inside
the polymeric core, thereby en-
hancing drug encapsulation effi-
clency, increasing drug loading
yield, and controlling drug re-
lease,

Due to all the advantages in-
dicated above, many researchers
have considered liposomes as
docetaxel nanocarriers. A model

o
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of the interactions between do-
cetaxel and model lipid mem-
branes was described in 2008 by
Fernandez-Botello.™' Liposomes
are used as nanocarriers togeth-
er with targeting agents. For in-
stance, folate as a targeting
agent combined with liposome
for docetaxel delivery provided
good results for drug release
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Figure 10. A} Diagram of the drug-delivery system based on silica nanorattles. By Cytotoxicity of SN-PEG, SN-PEG-
Dl and Dbd on Hep-G2 cells by MTT assays: a) Cell viability with concentrations of SM-PEG from 00625 to

1 mgmL~" for 72 h; inhibition rate of Dibd and SN-PEG-Dtd (Db concentrations indicated) toward Hep-G2 cells
for b 24 and ¢} 72 h; d) cormesponding 15s, value for 24 and 72 h, Reprinted with permission from ref. [28], Copy-

right 2010 American Chemical Socety,

ical applications, including drug delivery, biosensing, and catal-
ysis. "M The first example of cellspecific targeting using
ligand-conjugated liposomes was described in 1980, and there-
after a great number of targeted NPs were proposed and de-
veloped for drug delivery™ Liposomes are widely used as
drug-delivery vehicles because of their favorable safety profile,
ease of surface modification, and long systemic half-life that
can reach days after being surface modified with hydrophilic
polymers such as PEGH*-'?! Seyeral liposomal drug formula-
tions have been approved for clinical use, including Doxil (dox-
orubicin liposomes, first approved in 1995), AmBisome (am-
photericin B liposomes), DaunoXome (daunorubicin lipo-
somes), DepoCyt (cytarabine liposomes), DepoDur (morphine
liposomes), and Visudyne (verteporfin liposomes)."™ " Limita-
tions of liposomal drug delivery, however, include insufficient
drug loading, fast drug release, and instability in storage.!™*
Recently, efforts to study drug delivery with liposomes have
increased. For instance, Zhang et al"™ reported the engineer-
ing of a novel lipid polymer hybrid NP as a robust drug-deliv-
ery platform. The NP comprises three distinct functional com-
ponents: 1) a hydrophobic polymeric core in which drugs of
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1

time /h and selectivity” '™ Another ex-

ample is the research carried out
by Li's group, in which the auw-
thors designed a novel targeted
nanoassembly loaded with doce-
taxel. They directly conjugated
the nanocarrier with epidermal
growth factor (EGF) as ligand
that was the targeting agent for epidermal growth factor re-
ceptor (EGFR) overexpressed on breast cancer cells (see Fig-
ure 11 A). Compared with nanoassemblies without targeting
agent (NNAs) or Taxotere, nanoassemblies with targeting agent
(TMAS) prevent docetaxel from rapid uptake by the mononu-
clear phagocyte system and increase their circulatory half-life
(see Figure 11Ba). Moreover, the TNAs also exhibited a bias to
the tumor, with higher drug accumulation than other formula-
tions in the in vivo test (see Figure 11 Bb, Bc). 1!

Since 2001, phospholipids have been used as effective emul-
sifiers, They stay between the oil/water interface to lower the
interfacial tension and thus facilitate the formulation of colloi-
dal NPs. They proved to be much more efficient emulsifiers
than the traditional chemical emulsifiers such as polyvinyl alco-
hol, and those of shorter saturated chains were more appropri-
ate for NP formulation."™ The end functional group of phos-
pholipids can be used to facilitate conjugation of targeting li-
gands (such as antibodies). For instance, the carboxylic group
can be conjugated to the active primary amine of phosphoe-
thanolamine or amino-PEG." ¥ 1% 4 docetaxel-loaded in-
travenous lipid emulsion without Tween 80, produced by high-
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Figure 11. A} The physicochemical characteristics of nanoassemblies. a) Schematic representation of the strategy of developing targeted nancassembly: Dis-
tearoyl phosphatidylethanolamine-N-polylethylene glycol),, . and maleimide-derivatized PEG-DSPE were first self-assembled into nanoassemblies encapsulat-
ing docetaxel through a lipid film hydration method. The thiokfunctionalized EGF was then conjugated with maleimide onto the surface of the nancasserm:-
blies, Shown directly beneath are TEM images of b} TNAs and ¢} NNAs {scale bars =100 nm), d) In vitro drug release profiles of NNAs and TNAs in pH 7.4 HBS
buffer containing FBS {10% w/vl. Data represent the mean L SEM from three independent experiments (NNAs: docetaxelloaded nancassemblies without
EGF: TMNAs: docetaxelloaded targeted nanoassemblies with BGF). B} Phammacokinetics and blodistibution of docetaxe! in Taxoters, NNAs, or TNAS, a) Blood
clearance curves of docetaxel in Taxotere, NMAs, or TNAs in healthy Sprague-Dawley rats; data represent the mean L SEM (n= &), Graphs to the right show
tissue distributions of docetaxal in BALB/ mice with breast tumor nodules 9=10 mm in diameter at b} 2 and ¢} 12 h; data represent the mean £+ 5EM (n=4),
*p< 0005 compared with the NNA group. Reprinted with permission from ref. [128], Copyright 2008 American Chemical Society,

pressure homogenization, was shown to be stable following
autoclaving at 121°C for 10min and remained stable during
a 12-month storage period at 6+2°C. The results of pharma-
cokinetics in rats and beagle dogs, tissue distribution, antitu-
mor activity, safety tests, and toxicity strongly supported the
feasibility of using docetaxel lipid emulsion for clinical applica-
tions owing to its biological equivalence with Taxotere, and
showed that it is similar to Taxotere with regard to tissue distri-
bution, antitumor activities, and safety, but less toxic than Tax-
otere.™

B. Targeting agents for docetaxel delivery

As mentioned in the introduction, anticancer drug-delivery sys-
tems are usually composed of a nanocarrier and a targeting
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agent. In this section, we briefly discuss and review targeting
agents for potential use in anticancer drug delivery.

There are two types of targeting in nanomedicine; passive
and active, Passive targeting proceeds via the EPR effect that
was first discovered by Matsumura and Maeda"™ Some of the
nanocarriers such as AuNPs can take advantage of the EPR
effect. Taken alone, this effect may disclose limitations to ach-
ieving specific delivery of drugs to cancer cells, because the
targeting driving force might be insufficient. Despite its passive
and nonselective nature, however, this technigue is still
a major strategy for improving the delivery of nanomedicines
to tumor sites"™ In particular, it is used as a complement to
achieve targeting. Below, we focus on the active targeting
agents in drug-delivery systems. Active-targeting approaches
based on ligand modification exploit specific receptors that are
overexpressed on the surface of tumor cells relative to normal
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cells #1513 The targeting agents in drug-delivery systems
play two roles: 1) some of the targeting agents themselves
play the role of anticancer drug, which can associate with
tumors and prevent tumor growth; 2) they also bind small-
molecule anticancer drugs and thus facilitate drug-mediate
cancer cell death.

In this section, we concentrate on the second role of target-
ing agents, that is, we review their role as docetaxel delivery
systems, such as monoclonal antibodies, peptides, folate, hya-
luronic acid, fatty acid, and transfferin. The targeting agents
are used together with a nanocarrier.

1. Menoclonal antibodies

Monoclonal antibodies are among the most well-known target-
ing agents, and they have been used with high selectivity. In
research reported by Ojima et al., monoclonal antibodies were
assayed against non-benign lung cancer cell lines and breast
cancer cell lines, both as the nanocarrier and targeting agent
for docetaxel and other anticancer drugs. The results were very
promising in producing potential chemotherapeutic agents
with few side effects. ™! In an alternative strategy, a monoclonal
antibody has been covalently attached to a liposome, and the
resulting nanocarrier of docetaxel is discussed above in section
ﬁlsl;um

Targeting the EGFR pathway is an important approach for
a variety of tumors using a variety of monoclonal antibodies ™!
The EGFR is involved in malignant transformation and tumor
growth through the inhibition of apoptosis, cellular prolifera-
tion, promotion of angiogenesis, and metastasis. It is also ab-
normally activated in many types of epithelial tumors and this
typically correlates with aggressive tumor growth., Thus, in this
section we concentrate on EGF, which is an efficient targeting
ligand in cancer therapy for targeting EGFR-expressing
tumors 1~ EGFR-mediated drug delivery provides several ad-
vantages in cancer therapy such as enhanced specific cellular
uptake and tumor cell penetration, maximal accumulation and
penetration into tumor tissue via anti-EGFR antibodies, and de-
creased toxicity toward normal cells.*" The combination of do-
cetaxel and anti-EGFR antibodies was proven to be efficient for
gastric cancer,®" breast cancer/! and ovarian cancer®® Fur-
thermore, some of the EGF antibodies are already in clinical
use with docetaxel, and we discuss these applications below in
section C.

Besides the simple combination of docetaxel and monoclo-
nal antibodies, docetaxel and monoclonal antibodies also form
docetaxel delivery systems as shown in Figure 1. For example,
an antibody-modified docetaxel-loaded targeted nanostruc-
tured lipid carrier (tNLC) was designed. This formulation was
used for in vitro and in vivo tests. It specifically enhanced cellu-
lar uptake and penetration into tumor cells, and maximally ac-
cumulated and penetrated into tumor sites via an anti-VEGFR-
2 antibody (see Figure 12).4
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Figure 12. Schematic representation of antibody-labeled and antibody/FITC-
co-labeled nanostructuned lipid camiers (FITC = fluorescein isothiocyanate).
Reprinted with permission from ref. [44], Copyright 2017 American Chemical
Socdlety.

2. Peptides

Peptidic targeting agents such as vascular endothelial growth
factor (VEGF), matrix metalloproteases (MMPs), and EGF have
been identified for selective localization in tumor endothelial
cells. Cancer cells were found to have a particular affinity for
these peptides, which can therefore be used as efficient target-
ing agents for tumors.

For instance, the NGR peptide (Asn-Gly-Arg) showed good
recognition ability as a targeting agent when conjugated to
the nanocarrier PEG for delivering docetaxel to CD13-overex-
pressing tumors.™ The sequence Arg-Gly-Asp (RGD) is a selec-
tive high-affinity wb: ligand. The conformationally restrained
cyclic RGD binds o fi; with up to 200-fold higher affinity than
linear peptides!™! The «fl, integrin-targeting conjugate
HPMA copolymer-docetaxel-RGOfK of hydrodynamic diameter
3.0 nm resulted in a 20-fold increase in activity of conjugates
over free docetaxel (Scheme 7)1 Moreover, RGD peptides
conjugated to humanized antibodies,™™ liposomes,™® and
PEG"" improved biodistribution and increased accumulation
in tumors.

3. Folate

Another current targeting agent is folate, a high-affinity ligand
for folate receptors, which are expressed in various cancer cell
types. Folate has been used for the construction of folate-re-
ceptor-mediated delivery systems. In a recent report, folate
was used in connection with a lipid-polymer NP platform to
demonstrate the potential of molecularly targeted NPs as
a promising new class of radiosensitizers. The folate-targeted
nanoparticle formulation of docetaxel is an effective radiosensi-
tizer in folate-receptor-overexpressing head and neck tumor
cells. The time of irradiation can be critical in achieving maxi-
mal efficacy with this nanoparticle platform. (see Figure 13 and
Figure 14)"" Another example from Feng's research group™*
is provided by folic acid targeting lipid shells and polymer—
core nanoparticles (TLPNPs), which indicated almost full drug
release ability (cumulative release nearly 90% after seven
days), high cellular uptake efficiency, and decreased cytotoxici-
ty (93% more effective than Taxotere).
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Scheme 7. Synthesis and resulting structure of HPMA copolymer-RGDfK-docetaxel conjugates (select copolymers contained the monocydized RGDIK peptide
moiety for argeting docetaxel to ol integrins), Reprinted with pemission from ref. [10, Copyright 2011 American Chemical Society.

& PLGA | docetaxel core
il folate
< DSPE-PEG

Figure 13. Depiction of nanoparticle. Reprinted with permission from
ref, [127], Copyright 2017 American Chemical Society.

4, Hyaluronic acid

Hyaluronic acid (HA) is a common biocompatible and biode-
gradable natural substance that is composed of repeating dis-
accharide units of glucuronic acid and N-acetylglucosamine; it
has seen frequent use in surgical applications for its viscoelas-
tic properties. It is known to bind cell-surface receptors such as
D44, HASZ, and Hyal-2, which are overexpressed in several
types of cancer." ' Moreover, HA offers great potential with
demonstrations of good agueous solubility and increased half-
life in the body with lower toxicity. This suggests that HA
would be an excellent targeting agent for the delivery of cyto-
toxic drugs to tumor sites. Kim and colleagues conjugated am-
phiphilic HA with ceramide (CE, see Scheme 8) to develop self-
assembled NPs with docetaxel and Pluronic 85 (a copolymer
surfactant from BASF)™ The in vivo tumor targeting efficien-
cy of this formulation was evaluated in the MCF7/ADR tumor-
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bearing mouse model by a noninvasive fluorescence imaging
system. It showed a high targeting ability for CD44 receptors
with an EPR effect. Thus it appears that this formulation might
be useful as an anticancer drug-delivery system for CD44-over-
expressing tumors,

5. Fatty acids

Fatty acids, especially polyunsaturated fatty acids (PUFAs),
which are a component of vegetable oils, cold-water fish, and
meat, are another group of cancer-cell targeting agents under
current exploration, PUFAs are taken up more rapidly by tumor
cells than by normal cells, as the higher proliferation of temor
cells requires more energy and consumes more PUFAs

The w-G-polyunsaturated fatty acid v-linclenic acid (GLA)
gamered recent interest as a new anticancer agent, as it pos-
sesses effective tumoricidal properties while not inducing
damage to normal cells or creating harmful systemic side ef-
fects. For example, Menendez et al. added GLA concurrently
with docetaxel. The synergistic cytotoxicity was then obsemved
toward estrogen-dependent MCF7 and estrogen-independent
MDA-MB-231 human mammary carcinoma cell lines and addi-
tive cytotoxicity toward the estrogen-independent SK-Br3
human mammary carcinoma line"* This indicated that GLA
could enhance the cytotoxicity of docetaxel in human breast
carcinoma cells.

6. Transferrin

Transferrin (Tf) is a homodimeric membrane protein composed
of 90 kDa glycosylated subunits linked by two disulfide bonds.
Due to the increased number of Tf receptors on various
tumors such as lung adenocarcinoma, breast cancer, and brain
cancers relative to normal cells, Tf holds significant potential as
an efficient targeting agent for cancer therapeutics.”™ It has
been used in human clinical trials with adriamycin, cisplatin,

www.chemmedchem.org

These are not the final page numbers! A7

87



CHEMMEDCHEM

A 910

0.08

0.06

0.04

survival fraction

0.02

0.00
16 24 32
time / h

40

B)

0.10

0 FT-NP Dt

0.08

0.08

survival fraction

0.02

1 4 8

time / h
Gl g
10"
e
2
o 10?
£
©
< 100
3
@
—e— [z}
1ot —0— NT-NP Dt
—w— FT-MP Dl
108
0 4 -]

dose / Gy

Figure 14, The timing of irradiation alters the efficacy of FT-NP Dt in vitre:
Graphs of surviving fraction frem clenogenic survival assays of KB cells treat-
ed with A} Dxtl or B) FT-NP Dt irradiated (£ Gy} at the indicated times.

C) Clonogenic survival assay of KB cells treated with Dud, NT-NP Do, or FT-
NP Dtel and the indicated mdiation dose 24 h post-treatment. Error bars cor-
respond to standard deviations of repeated measurements (two separate
runs, three samples per time pointl. NT-NP: non-targeting NF; Dixl: docetax-
el Reprinted with pemission from ref. [127], Copyright 2011 American
Chemical Society.

and doxorubicin, ™" enhancing the efficacy and decreasing
the side effects of anticancer drugs.

A recent publication reported Tf as targeting agent conju-
gated with docetaxel ™™ A NP system for targeted drug deliv-
ery across the blood-brain barrier (BBB) consisted of Tf-conju-
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gated NPs of poly(lactide)-o-c-tocopheryl polylethylene glycol)
succinate (PLA-TPGS) diblock copolymer. Cellular uptake and
cytotoxicity of the Tf-conjugated PLA-TPGS NP formulation of
docetaxel as a model drug were investigated in close compari-
son with those for the PLGA NP formulation, the bare PLA-
TPGS NP formulation, as well as with Taxotere. The results
showed that the Tf-conjugated PLA-TPGS NP formulation has
significant advantages over the other two NP formulations and
the original therapeutic agents. Moreover, |Cg data showed
that the Tf-conjugated PLA-TPGS NP formulation of docetaxel
could be 23, 17, and 229% more efficient than the PLGA NPs,
the PLA-TPGS MPs, and Taxotere after treatment for 24 h, re-
spectively. Finally, investigation of their preliminary ex vivo bio-
distribution demonstrated that the Tf-conjugated PLA-TPGS NP
formulation is able to deliver imaging and therapeutic agents
across the BBB.

C. Docetaxel in clinical use
1. Two formulations of docetaxel in clinical use

Besides the invitro and invivo tests, docetaxel has already
been in applied clinical use for a long period. To the best of
our knowledge, there are currently two formulations of doce-
taxel. The first clinical formulation is in watersoluble Polysor-
bate 80, also named Tween 80, E433, or Alkest TW 80, a nonion-
ic surfactant and emulsifier derived from polyethoxylated sor-
bitan and oleic acid (polyoxyethylene (20) sorbitan monoo-
leate) that includes hydrophilic polyoxyethylene groups. The
trade name of the clinical formulation of docetaxel in Polysor-
bate 80 is Taxotere, Clinical trials have demonstrated that Taxo-
tere could effectively decrease prostate-specific antigen (PSA)
levels and improve symptoms, and even the survival rate in
HRPC patients. However, the adverse effects of docetaxel treat-
ment as Taxotere include hypersensitivity reactions, bone
marrow suppression, cutaneous reactions, fluid retention, pe-
ripheral neuropathy, alopecia, cardiac disorders, and fatigue.™™
The ethanol/Tween 80 solvent required in the formulation to
increase the docetaxel solubility is at least partly responsible
for the hypersensitivity reaction, decreased uptake by tumor
tissue and increased exposure to other body compart
ments. 9 Therefore, alternative formulations that circumvent
these problems and selectively vectorize docetaxel to the
cancer cells are needed.

The new docetaxel formulation known as BIND-014 was re-
ported in 2010 BIND-014 is a polymeric NP that contains
both a nanocarrier and a targeting agent. BIND-014 is targeted
to prostate-specific membrane antigen (PSMA), a cell-surface
antigen abundantly expressed on the surface of cancer cells
and on new blood vessels that feed a wide array of solid
tumors. BIND-014 carries docetaxel within a matrix of phospha-
tidylcholine (PC) covered with a coating of PEG, and ligands
targeted to PSMA are embedded on the surface of the PEG
coating. BIND-014 allows gradual release of docetaxel upon
degradation of the PC, and the PEG encapsulation allows eva-
sion of the bodys immune response, In predinical cancer
models, BIND-014 was shown to deliver up to 20-fold more do-
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Scheme 8. Synthesis of HA-CE conjugation. Reprinted with pemnission from ref. [148], Copyright 2011 Elevier.

cetaxel to tumors than an eguivalent dose of Taxotere ™ At
the beginning of 2011, the phase | study of BIND-014 involved
an ascending, intravenous dose design to assess the safety, tol-
erability, and pharmacokinetics of BIND-014 in approximately
30 cancer patients. The primary objective of the study is to de-
termine the maximum tolerated dose of BIND-014, to assess
preliminary evidence of antitumor activity, and to assess phar-
macokinetic profile in cancer patients.

2. Combination of docetaxel in clinical use

Maost cancer chemotherapies employ a combination of drugs.
For combination treatments, it is important to assess any inter-
actions between two or more anticancer agents in clinical use,
In this section we review some of the recent literature con-
cerning clinical combinations involving docetaxel. Docetaxel
was combined with other chemotherapeutic anticancer drugs
such as doxorubicin, ™™ carboplatin,™ and capecitabine," ™! or
other monoclonal antibodies such as trastuzumab,™ cetuxi-
mab,"*! and bevacizumab™* to treat various types of cancers.
The combinations were more efficient than the simple anti-
cancer drugs. For example, Belani et al. reported the method
of cetuximab in combination with carboplatin and docetaxel
for patients with metastatic or advanced-stage non-small-cell
lung cancer in a phase lll study. The results indicated that the
novel combination of cetuximab with docetaxel and carbopla-
tin results in modest anticancer activity for patients with ad-
vanced cases and has an acceptable toxicity profile™ In addi-
tion, the phase Il and Il clinical data for the capecitabine/doce-
taxel combination against metastatic breast cancer showed
a synergistic effect compared with the simple additive effects
of single-agent treatments ™ The clinical use of combinations
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thus proves the increased efficacy of efficient drug-delivery sys-
tems for docetaxel (as with other drugs) that contain multiple
drugs with targeting agents in cancer therapy.

Conclusions and Qutlook

Docetaxel, as with any other anticancer drug or potential anti-
cancer agent, is not fully devoid of side effects due to nonse-
lective toxicity. As reviewed herein, significant efforts and im-
provements in docetaxel delivery for cancer therapy have
taken place over the past decade The main purpose of using
various nanocarriers and targeting agents is to provide doce
taxel with sufficient agueous solubility, stability, and selectivity
for tumors,

However, each nanocarrier for docetaxel delivery mentioned
herein has its advantages and disadvantages. For example,
PEGs have good water solubility and biocompatibility, but for
use as nanocarriers, they must be functionalized with hydro-
phobic groups for encapsulating docetaxel. Due to their rela-
tively small size, PEGs can easily release their drug cargo in the
bloodstream before target cancer cells are reached. Another
drawback involves chitosan. Although it is readily soluble
under acidic conditions, it has poor solubility in basic environ-
ments, and this limits its capacity to transport anticancer drugs
to tumor tissues throughout the body (thus, other modifica-
tions of the chitosan molecule would be required). A final ex-
ample involves silicane NPs'™ The polydispersity and amor-
phous nature of mesoporous silica poses a major challenge in
understanding and controlling the mass-transport properties
at the nanometer level that are keys to drug delivery and con-
trolled release in biclogical systems. Among all the current
nanocarriers for docetaxel, AuNPs have not yet been the sub-
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ject of many reports despite their functional flexibility. They
present numerous advantages for docetaxel delivery: their lack
of toxicity, biocompatibility, bicactivity, size-controlled synthe-
sis, surface plasmon band, passive targeting, and EPR
effect 3158198 | panticular, AuNPs are easy to functionalize at
the surface by using thiolate ligands. Thus, they could be con-
sidered a platform for drug delivery upon functionalization
with hydrophilic thiolated PEG ligands and other specific li-
gands linking docetaxel, active targeting agents, or other
nanocarriers. At this point, no toxicity has been disclosed for
non-cancer cells, and any toxicity will be due to certain (e.q.,
cationic) ligands. Thus PEGylated AulNPs are of particular inter-
est. Finally, dendrimer design,"®"™" eventually combined with
AuMPs, holds great promise thanks to powerful capacities in
functionalization and encapsulation. For clinical applications,
all these macromolecules will have to face the problems of
polydispersity and reproducibility in commercial sources.

In conclusion, docetaxel has been extensively used alone or
in combination with other anticancer drugs against various
types of cancer as its Taxotere formulation during the last
decade, and its clinical uses have been extensively reviewed.
However, only a small fraction of docetaxel administered in
this formulation reaches cancer cells, and this causes dramatic
side effects and sets a limit on dosing. Conseguently, intense
research over the last few years has been directed toward do-
cetaxel vectorization using a carrier connected to a targeting
agent. Many studies carried out in vitro and invivo show ad-
vantages and considerable increase in docetaxel delivery using
this strategy, which has been reviewed here. The most favora-
ble results have been obtained with some biocompatible poly-
mers as carriers and antibodies as targeting agents, but thor-
ough research projects are also being conducted in many
other directions. Despite the current enthusiasm emanating
from these publications, promises must await clinical trials of
such formulations. Some of these approaches with lipo-
somes " cyclodextrins,™ mixed micelles, ™ sub-micron
emulsions,"™" and NP have so far revealed clinical difficul-
ties due to low entrapment efficiency, complicated preparation
procedures, and low physicochemical stability in long-term
storage. The only formulation that has reached phase | clinical
trials (in 2010) is BIND-014, which carries docetaxel within
a matrix of PC covered with a coating of PEG, and ligands tar-
geted to PSMA that are embedded on the surface of the PEG
coating. It is believed that further work should be conducted
on the fundamental aspects, soon reaching clinical administra-
tion with the hope of improvement over the current Taxotere
formulation. Indeed, considerable progress in wvectorization
nanotechnology now allows the combination of diagnosis and
therapy through co-called “theranostic™ "4 (and also
eventually bypassing tumor resistance in "guadrugnostic’)™®
approaches in a single multifunctional vector, such as gold
nanoparticles, as briefly discussed above'** !

Abbreviations
AuNP: gold nanoparticle
BBB: blood-brain barrier
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CD13: cluster of differentiation 13 glycoprotein

DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethancla-
mine

EGF: epidermal growth factor

EGFR: epidermal growth factor receptor

EPR: enhanced permeability and retention

HCT15: human colon carcinoma

HGC: hydrophobically modified glycol chitosan

HMPA: N-(2-hydroxypropylimethacrylamide

MCF7: human breast cancer

MDA-MB-231:  human mammary carcinoma

MEBCD: methyl-f-cyclodextrin

MMP : matrix metalloprotease

MGR: Asn-Gly-Arg

MP: nanoparticle

PBCA: PEGylated polyin-butylcyanoacrylate)

PEG: polylethylene glycol)

PEG-b-PCL: polylethylene glycol)-block-poly(e-caprolac-
tone)

PEG-b-PLA: polylethylene glycol}-block-poly(o,L-lactic acid)

PEO: polylethylene oxide)

PLA: poly(o,L-lactic acid)

PLGA: poly(lactic acid-co-glycolic acid)

PLGA-b-PCB:  polyllactic acid-co-glycolic acid)-block-poly-
(carboxybetaine)

PLA-TPGS: polyllactide)-o-c-tocopheryl poly(ethylene
glycol) succinate

PUFAs: polyunsaturated fatty acids

RGD: Arg-Gly-Asp

SC160H: heptakis-(2-0-oligoethyleneoxide)-6-
hexadecylthio)-[»-cyclodextrin

SPB: surface plasmon band

TEG: tetralethylene glycol)

Tf: transferrin

VEGFR: vascular endothelial growth factor receptor
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Chapter 2
The improvement of Functionalization of AUNPs

by “Click” Chemistry

94



2.1 Introduction

The copper-catalyzed alkyne-azide Huisgen-typeoagdition, (click reaction) has

considerable impact on organic, bio-organic, medicand materials chemistry. The
case of the functionalization of AUNPs using clatiemistry is especially dramatic as
shown by various reports that have produced cliékadP in remarkably low yields.

In previous work of our group, it was shown possitd functionalize AuNP by click
reaction using the Sharpless catalyst, but thistafgst” had to be used in
stoichiometric amount. Since then, we have evenddhat with some substrates up
to 400% of CuS® + sodium ascorbate is necessary for click funeti@aation of
AuNP, which is especially damaging when the AuNR dunctionalized for
biomedical use because of the toxicity of coppéssa

The catalyst [Cu(hexabenzyl)Tren]Br was first prggpaand probed in molecular
chemistry including dendrimers by Liyuang Liangfamer PhD students in our
group (2008-2011), and published a full paper comnog this catalyst (Adv. Syn.
Catal. 2011). In this previous report, this catalyas considered to be very efficient
with various “click” reactions. Thus, in this chaptwe probed and reported here the
use of this catalyst that is remarkably efficient truly catalytic amounts under
ambient conditions with a variety of alkyne subtgsafor the functionalization of
azido-terminated AuNP that are an escially difficutase with AuNP
fonctionalization..

2.2 Click Functionalization of Gold Nanoparticles Wing the very
Efficient Datalyst Copper (1) (Hexabenzyl) tris (2aminoethyl)- amine

Bromide

95
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Abstract: Whereas previous “click” functionalization
(Huisgen-type copper-catalyzed alkyne-azide cyclo-
addition, CuAAC) of various gold nanoparticles
(AuNP) had systematically proven to be very diffi-
cult, tedious, providing low yields with the use of
high amounts of copper sulfate+sodium ascorbate —
the classic Sharpless catalyst, the new catalyst cop-
per(l) (hexabenzyl)tris(2-aminoethyl)amine bromide,
[[Cu(I)(Hexabenzyl)Tren|Br] is shown here to be
very efficient for the introduction of a large variety
of organic, organometallic, dendronic and polymeric
molecular fragments of various sizes, topologies and

hydrophilicities. Indeed, 0.1-0.15 equiv. of this cata-
lyst in toluene was used in each reaction under ambi-
ent conditions for 8 to 48 h with good yields without
AuNP aggregation. The new functional AuNP have
been characterized by 'THNMR, IR and UV-vis.
(plasmon band) spectroscopy, cyclic voltammetry
(CV), dynamic light scattering (DLS) and transmis-
sion electron microscopy (TEM).

Kevwords: alkynes; azides; click chemistry; copper
catalysts; dendrimers; gold nanoparticles; polymers

Introduction

Click chemistry"! especially the copper-catalyzed
alkyne-azide Huisgen-type cvcloaddition, CuAACH
has appeared as one of the most currently used meth-
ods allowing one to bring two molecular Iragments to-
gether, and is having considerable impact on organic,
bio-organic, medicinal and materials chemistry.?! The
simplicity and availability of copper sulfate and
sodium ascorbate,® the most currently used catalyst
that allows the performance of click chemistry in
aqueous solvents, have rendered this method very
popular in the last decade!? A problem arising with
this catalyst in molecular chemistry, however, was the
low reaction rates under ambient conditions, which
was a drawback for biomedical use. This problem ap-
peared to be even more damaging for the synthesis of
click dendrimers, because, in our hands, the Sharpless
Cu(l) “catalyst” remained trapped inside the multiple
1.2 3-triazolyl-dendrimer branches when the dendrim-
ers'” were constructed with Newkome’s 1—3 connec-
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tivity.? Thus, it appeared necessary to design a click
catalyst in which the Cu(l) species would be protected
by a polydentate nitrogen ligand that would also ac-
celerate the reaction.™ Therefore, we have recently
investigated the synthesis and use of soluble
Cu(l)-Tren complexes with Tren=tris-(2-amino-
ethyl)amine ¥ The parent Tren ligand
N{CH,CH;NH,); is commercial and inexpensive, and
hexasubstituted Tren derivatives are easily obtained
by reactions of N(CH,CH.NH,); with alkyl iodides or
benzyl bromide”) A Tren complex, Cu(I){(Hexame-
thylTren)Br, was first used for click chemistry by the
group of Matijaszewski who showed that it reacted 50
times faster than CuBr. Given the insolubility of
this complex, we recently reported and used the new
complex [Cu(l){Hexabenzyl)Tren]Br that is soluble in
toluene and disclosed excellent efficiency for click
catalysis, including for the click synthesis of dendrim-
ers!?

The case of the functionalization of gold nanoparti-
cles (AuNP) using click chemistry is especally dra-
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(Huisgen-type copper-catalyzed alkyne-azide cyclo-
addition, CuAAC) of various gold nanoparticles
(AuNP) had systematically proven to be very diffi-
cult, tedious, providing low vields with the use of
high amounts of copper sulfate +sodium ascorbate —
the classic Sharpless catalyst, the new catalyst cop-
per(l) (hexabenzyl)tris{2-aminoethyl)amine bromide,
[[Cu(I){Hexabenzyl)Tren|Br} is shown here to be
very efficient for the introduction of a large variety
of organic, organometallic, dendronic and polymeric
molecular fragments of various sizes, topologies and

hydrophilicities. Indeed, 0.1-0.15 equiv. of this cata-
lyst in toluene was used in each reaction under ambi-
ent conditions for 8 to 48 h with good yields without
AUNP aggregation. The new functional AuNP have
been characterized by 'THNMR, IR and UV-vis.
(plasmon band) spectroscopy, cyclic voltammetry
(CV), dynamic light scattering (DLS) and transmis-
sion electron microscopy (TEM).
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Introduction

Click chemistry!! especially the copper-catalyzed
alkyne-azide Huisgen-type cycloaddition, CuAACH
has appeared as one of the most currently used meth-
ods allowing one to bring two molecular fragments to-
gether, and is having considerable impact on organic,
bio-organic, medicinal and materials chemistry.?! The
simplicity and availability of copper sulfate and
sodium ascorbate,® the most currently used catalyst
that allows the performance of click chemistry in
aqueous solvents, have rendered this method very
popular in the last decade!? A problem arising with
this catalyst in molecular chemistry, however, was the
low reaction rates under ambient conditions, which
was a drawback for biomedical use. This problem ap-
peared to be even more damaging for the synthesis of
click dendrimers, because, in our hands, the Sharpless
Cu(l) “catalyst” remained trapped inside the multiple
1.2 3-triazolyl-dendrimer branches when the dendrim-
ers!l were constructed with Newkome's 1—3 connec-
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tivity.¥ Thus, it appeared necessary to design a click
catalyst in which the Cu(l) species would be protected
by a polydentate nitrogen ligand that would also ac-
celerate the reaction.*” Therefore, we have recently
investigated the synthesis and use of soluble
Cu(l)-Tren complexes with Tren=tris-(2-amino-
ethyl)amine ™ The parent Tren ligand
N(CH,CH,NH,); is commercial and inexpensive, and
hexasubstituted Tren derivatives are easily obtained
by reactions of N{CH,CH,NH,); with alkyl iodides or
benzyl bromide.”) A Tren complex, Cu(I)(Hexame-
thylTren)Br, was first used for click chemistry by the
group of Matijaszewski who showed that it reacted 50
times faster than CuBr.! Given the insolubility of
this complex, we recently reported and used the new
complex [Cu(l)(Hexabenzyl)Tren|Br that is soluble in
toluene and disclosed excellent efficiency for click
catalysis, including for the click synthesis of dendrim-
ers.1%

The case of the functionalization of gold nanoparti-
cles (AuNP) uwsing click chemistry is especially dra-
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Scheme 1. Synthetic Scheme for the functionalization of AuNP using click reactions with the catalyst [Cu(I){ Hexabenzyl}-
Tren|Br. The numbering of the AuNP ¢-n corresponds to those of the alkynes n (for instance ¢-1 is the AuNP clicked with

phenylacetylene, 1, etc.).

matic as shown by various reports that have produced
clicked AuNP in remarkably low yields. Brust’s group
introduced 2500 azide-functionalized thiolate ligands
onto AuNP of 12 nm diameter and 7 lipase groups by
click chemistry using excess lipase, which correspond-
ed to 0.3% of clicked azido groups."!! William’s group
substituted 52% of the alkylthiolate ligands by reac-
tion with bromoundecanethiols, and the substitution
of the bromide by azide was achieved in 92% vield.
The subsequent click reactions with several terminal
alkynes (in excess) that were activated by a carbonyl
linkage (vide infra) produced triazole rings with con-
versions mostly between 1 and 22% vyield of 1,2,3-tri-
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azole formation in various solvents (534% was ob-
tained in one specific case).'® Simon’s group assem-
bled AuNP on DNA templates via click chemistry
using a 1000-fold excess of AuNP!" These repeatedly
low vields showed that difficulties are encountered in
the application of click chemistry to the functionaliza-
tion of AuNP. They were attributed to the lack of re-
activity due to solubility problems and to decomposi-
tion or aggregation of the Cu(l) catalysts/™! but they
dramatically contrast with the exceedingly easy click
reactions that are well known in organic synthesis to
proceed under very mild conditions and that have
made these click reactions so popular.® Limapichat

Adv. Svnty Caral, (AR), 00, 0-0
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Schema 1. (continued)

and Basu reported uncatalyzed Huisgen functionaliza-
tion of AuNP with active ethynyl compounds such as
propionic acid and its denivatives!") The reaction was
limited by long reaction times (10 days) and low
yields. Sommer and Weck used microwaves and the
Sharpless catalyst to assist the Cu(l)-catalyzed Huis-

gen functionalization of AuNP mostly with electron-
deficient alkynes,™™ although risks such as Ostwald
ripening may be associated to the heating of
AuN Pl

Yet, these multiple attempts contribute well to
show that AuNP are the subject of a major scientific
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field with applications in optics, biology, nanomedi-
cine and catalysis"® Recently, it was shown possible
to functionalize AuNP by click reaction using the
Sharpless catalyst, but this “catalyst™ had to be used
in a stoichiometric amount.” Since then, we have
even found that with some substrates up to 400% of
CuSO;+sodium ascorbate 18 necessary for click fune-
tionalization of AuNP, which is especially damaging
when the AuNP are functionalized for biomedical
use!™ because of the toxicity of copper salts. We have
now probed and report here the use of the catalyst
[Cu(Hexabenzyl)Tren|Br that is remarkably efficient
in truly catalytic amounts under ambient conditions
with a variety of alkyne substrates for the functionali-
zation of arido-terminated AuNP.

Results and Discussion

Prefunctionalization of AuNP with Azido-Terminated
Thiolate Ligands

Scheme 1 indicates the general route to the function-
alization of AuNPs. First, the undecyvlthiolate-AuNP
were synthesized by the Brust-Schiffrin method"
and characterized fnfer alia by the UV-vis, spectrosco-
py disclosing, as expected, the plasmon band at
520 nm. In former work, at this stage we had conduct-
ed ligand exchange of undecylthiolate by bromounde-
cylthiolate ligands® followed by nucleophilic substi-
tution of bromide by azido group on the functional
AuNP, but in the present study the azidoundecylthio-
late ligand was advaniaégccusly used directly in
ligand-exchange reaction.! | Thus the ligand-substitu-
tion reaction of alkvlthiolate ligands by azidoundec-
anethiol ™™ provided the mixed undecathiolate-azi-
doundecanethiolated-AuNP (AuNP b) in which the
proportion of azidoundecanethiolate ligands was de-
termined by integration of the 'H NMR signals (see
the Supporting Information) and was found to be
40£5%. The azido termini were then functionalized
by catalyzed click reaction with varous terminal al-
kynes using 10-15 mol% of the complex [Cu(I)(Hexa-
benzyl)Tren|Br as the catalyst (Figure 1).

Ol
oY

0
\J ~

Figure 1. The catalyst [Cu( 1} Hexabenzyl) Tren) [Br.
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Functionalization of AuNP by Click Chemistry using

the Catalyst [Cu(INHexabenayl) Tren|Br

A large variety of alkynes were used from commercial
sources or prepared according to literature proce-
dures (see the Supporting Information) including or-
ganic." organometallic™! and dendronic™ alkynes.
In the presence of the catalyst [Cu(l)(Hexabenzyl)-
Tren|Br (10% catalyst for the synthesis of ¢-1-¢-10;
15% catalyst for the synthesis of e-11), the click reac-
tions were conducted in 848 h in toluene under am-
bient conditions, and provided isolated vields between
41% and 91% depending on the alkyne substrate
This procedure is very simple, because the catalyst
and the excess alkyne are completely removed by
washing the AuNP products with methanel and ether
in which they are not soluble and do not aggregate.

Confirmation of Triazole Ring Formation in Click
Chemistry

It is well known that, in "H NMR, the Knight effect
perturbs the observation of signals all the more so
when the atoms are closer to the AuNP surface!"
Thus, as compared with the free ligands, the 'H NMR
spectra of the thiolate ligands of the AuNP are much
broader, and the NMR signals of the H atoms that
are close to the gold surface cannot be observed. Nev-
ertheless, the signals of the terminal groups can be
readily observed, even if they are larger than in the
free  ligands (see the Supporting Information).
Figure 2 shows an example of 'HNMR spectrum
change of the AuNP upon click reaction, in particular
with the disappearance of the signal of the terminal

CH,N; groups of the AuNP ligands at 3.25 ppm vs

—3.2508
=1.5%0%
—1.a018
- 0enw

After click N

Beforelick f\\

5 a0 25

Figure 2. "H NMR spectra of AuNP before (AuNP b) and
after (AuNP ¢-5) click reaction.
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Figure 3. The IR spectra before ( AuNP b) and after click reaction (AuNP ¢-10).

TMS in CDCL. Also, sometimes, the weak signal of
the single triazole proton near 7.5 ppm could be ob-
served (see the Supporting Information). Figure 3
shows an example of infrared spectrum change upon
click reaction, in particular with the disappearance of
the vy, band at 2094 em™ that was an excellent criteri-
on of the completion of all the click reactions.

28 From top lo bottom:
—— AUNPs ¢-11(550 nmy)
- BUNPs e-1 (520 nm)
2.0 \‘ AuNPs b (530 nm)

- AuNPs c-4 (550 nm)_

Absorbance

00 ; .

T v T v T T 1
400 500 500 TO0 800

Wavelength {nm)

Figure 4. Plasmon band of AuNP recorded in the UV-vis
spectra.
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The Plasmon Band of the AuNPs: Red Shift and
Increase of Extinction Coefficient

Figure 4 shows the plasmon band of four distinct
AuNPs observed in their UV-vis spectra. Before the
click reaction, the plasmon band of the AuNP b is lo-
cated at 5320 nm. After the click functionalization, the
plasmon band has undergone a red shift; in particular
the plasmon bands of ¢-4 and ¢-11 are shifted from
520nm to 550 nm, respectively. Compared with the
AuNP b, the extinction coefficient & (Table 1) 15 also
significantly increased upon dick reaction. It 1s well
known that the plasmon band of AuNP is very sensi-
tive to various parameters such as the AuNP size, in-
terparticle distance and refraction index of the sur-
rounding medium."" In the present case, considerable
structural change occurs upon click functionalization,
and the variation of the plasmon band strongly de-
pends on this structural change that eventually influ-
ences one or several of these parameters. The plas-
mon band variations can also be compared to the
transmission  electron microscopy (TEM, Table 1)
data conceming potential core-size increase (vide

infra).
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Table 1. Characteristics of the click-functionalized AuNP.

AuNP  Yield Plasmon Plasmon band: Molecular AuNP core AuNPF diameter  PDI E, .
[%]¥  band: i [nm] e [MTem™| weight [Dalton] (TEM [am])®  (DLS [nm]) (DLS) [V]

AuNP 49 520

HAUNP 89 520 2.8 1(F 134 1P 27 24,1 0.390

!-:\LLNP 48 530 3.5x 1P 140 107 223k 0.190

::l_\ﬂ:' 1 530 3.0 1F 145 = 1P 19,6 0158 091

;;fl.\ﬂ:' 78 530 3= 1P 145 10° 2850 0.383

:fl_\ﬂ:' 89 550 6.2 % 10F° 220 % 10° 31 10,34 0.297

;l;‘:;_\ﬂ:' 52 540 2.9%1F 138 % 10° 24,61 0.320

KENP 91 550 S.5x 1P 172 10° 10.6% 0.158

:ENP 88 550 S 1= 1F 1.80 = 10#° 1021 0.138

KENP 57 540 37 = 1P 140 10° 234 0.267

;:leP 47 530 3.2%1F 1.52 = 1P 25,08 0.323

.

;\I‘.;l_\ﬂ:' 69 530 3.9% 1P 1.45 % 10° 271k 0.391

K:l{.iﬂ:' 75 550 4.5x 10F 185 107 29 2330 0.241 054

e-11

=l Tsolated yields.
Bl 4+ 0.3 nm.

Il 43 nm.
41 pm.

Il 4 0.05 V (vs. decamethylferrocene as the internal reference, [(n-Bu),N|[PF4] 0.1 M; CH,Cly; 25°C: 0.1 Vs ™,

AuNP Diameter

Figure 5 (a—¢) shows the TEM images and histograms
that were recorded before and after click functionali-
zation for ¢-4 and ¢-11. The diameter of the AuNP in-
creased from 2.7 nm for b to 3.1 nm for ¢-4 after click
functionalization and to 2.9 nm for ¢-11. Thus, a slight
size increase is observed, but it is hardly significant. It
might eventually indicate a minute Ostwald ripen-
ing"* that could at least partly explain the red shift
and intensity enhancement of the plasmon band. The
number of atoms and the molecular weight of each
AuNP can be calculated from the core size deter-
mined by TEM (see the Supporting Information)."
For instance, the AuNP b contains 377+20 gold
atoms (note that Schmid's magic number with five
gold atom layers is 561)"*) and the molecular weight
is 1.34% 10° Dalton.
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Dynamic diameters of the AuNP: Dynamic Light
Scattering

The size of the AuNP obtained from dynamic light
scattering (DLS) measurements was determined in
CH,Cl,, and can be compared with the core size in-
vestigated by TEM. The DLS measurements (Table 1)
indicate much larger hydrodynamic diameters than
core diameters, because they take into account the
ligand bulk and also eventually the solvent molecules
that would be weakly linked to the ligand termini.
Baughman's gruupmr and Rinaldi’s group™ both
made similar observations when using DLS to charac-
terize AuNP, and they attributed these results to the
metallic nature of AuNP contributing to the intensity
increase of scattered light and to possible aggregation
of AuNP. In the present measurements of the dynamic
diameter of AuNP by DLS, no significant growth of
AuNP was disclosed upon click functionalization. The
dynamic diameters of ¢4, ¢-6 and ¢-7 are only about
10 nm which, however, is much smaller than the other
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Figure 5. (a) TEM of AuNP b; (b) TEM of the AuNP ¢4 (¢) TEM of AuNP ¢-11.

click-functionalized AuNP. This might be taken into
account by the model in Figure 6. As shown, the
AuNP containing small molecular fragments at their
periphery might “aggregate”, thus the diameter mea-
sured by DLS might contain several nanoparticles
(Figure 6, a). On the other hand, for AuNP with large
molecular or polymer fragments at the periphery such
as m ¢-4, ¢-6 and ¢-7, the diameter measured by DLS
might only contain two or three nanoparticles
(Figure 6, b).

Cyelic Voltammecetry of AuNP Containing Redox-
Active Thiolate Ligands

For AuNP containing redox-active ligands, ¢-2, and -
11, cyelic voltammetry (CV) confirms again their
functionalization."**! For instance, Figure 7 shows the
CV of ¢-11 that contains dendrons with ferrocenyl ter-
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@ 2012 Wiley-V CH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! A7

il

2-3nm

iy
4-5nm

1-2nm 3-4nm

1-Znm 2-3nm 3-4nm 4-5nm  5-bnm

'

1-2nm 2-3nm 3-4nm 4-5nm

(a)

(b)

Figure 6. Model of the dynamic diameter measurement by
DLS. {a) Clicked AuNP with small molecular fragments at
the periphery; (b) clicked AuNP with large molecular frag-
ments at the periphery.
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Figure 7. Cyclic voltammetry of e 11 Ep=054 V. AE =
(.06 V. Electrolyte: [(n-Bu)N|[PFg] 0.1M: working and
counter electrodes: Pt; reference electrode: Ag; solvent
CH,CL;: scan rate: (.1 V. s7%; internal reference: decamethyl-
ferrocene {(CV wave on the right size at (0 V).

mini introduced in the click reaction, whereby deca-
methylferrocene is the internal reference® In this
case, E,=0354 V., which confirms the attachment of
ferrocenylated dendrons in the AuNP. The difference
in peak potentials for the forward and reverse scans
(AEpzﬂ.ﬂﬁ V) is not significantly different from
S8 mVat 20°C that corresponds to a reversible heter-
ogeneous electron  transfer, although the shightly
broadened wave probably results from a small elec-
trostatic effect among the three close redox sites

Conclusions

The present study shows that the new catalyst
[Cu(T)(HexabenzyD)Tren|Br now offers the first truly
catalytic click reaction for the functionalization of
AuNP with a large variety of organic, organometallie,
dendronic, and polymeric alkynes of various sizes.
topologies and hydrophilicities that do not include
electron-dehicient alkyvnes. It should be recalled that
the Huisgen reactions of electron-deficient alkynes
proceed under ambient conditions in water without
catalyst, although the selectivity is not as good as with
a Cu(I) catalyst.”! The Huisgen reaction without cat-
alyst is also possible with electron-rich alkynes, but it
requires temperatures of the order of 100°CHER24
This new experimental procedure under ambient con-
ditions with electron-rich alkynes that are quite bulky
and complex molecules can be easily monitored using
classical spectroscopic tools ('"H NMR, IR, and UV-
vis). It does not lead to AuNP aggregation and in-
volves an easy purification of the clicked AuNP upon
only washing with methanol and ether. The successful
click functionalization with polyethylene glycol and
dendronic PEGs in quasi-quantitative yields should
be of practical interest for biomedical applications®
in view of the enhanced permeation effect of PEGs in
cancer diagnostic and therapy.®™ This new svnthetic
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method should thus push forward the utilizations and
applications of AuNPI"™

Experimental Section

General Data

All solvents and chemicals were used as received. "H NMR
spectra were recorded at 25°C with a Bruker 300
(300 MHz) spectrometer. All the chemical shifts are report-
ed in parts per million (6, ppm) with reference to Me,Si for
the "H and “CNMR spectra. 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 re-
corded on an ATI Mattson Genesis series FI-IR spectro-
photometer. UUV-vis absorption spectra were measured with
a Perkin-Elmer Lambda 19 UV-vis spectrometer. Electro-
chemical measurements were recorded on a PAR 273 poten-
tiostat under a nitrogen atmosphere.

Synthesis of Undecanethiolate-AuNE (a)

Undecanethiolate-AuNP was obtained by the traditonal
Schiffrin-Brust method. Briefly, an aqueous solution of hy-
drogen tetrachloroaurate (30 mL, 30 mmoldm™, 0.9 mmal)
was mixed with the toluene solution of tetra{octylammo-
nium Jbromide (40 mL, 100 mmoldm™, 4 mmol). The two-
phase mixture was vigorously stirred until all the hydrogen
tetrachloroaurate was transferred into the organic layer, and
undecanethiol (0.8 mmol) was then added to the organic
phase. A freshly-prepared solution of sodium borohydride
(25 mL, 0.4 moldm™, 10 mmol) was slowly added with vigo-
rous stirring. After further stirring for (.5 hour, the organic
phase was separated and dried over sodium sulfate. then
evaporated using a rotary evaporator and washed three
times with ethanol; vyield: 49%. 'HNMR (CDCl,
300 MHz): 5=1.24 (22H, CH, of undecyl chain), 0.88 (3H,
CH3): UV-vis: plasmon band at 520 nm,

Syathesis of AuNP (b)

Undecanethiolate-AuNP (160 mg) was dissolved in CH,Cl.,
and azidoundecanethiol (200 mg) was added to the solution.
After stirring for 3 days under N; at room temperature, the
solvent was evaporated, and the AuNP were washed with
ethanol and methanol in order to remove the excess thiol;
yield: 89%. 'H NMR (CDCl;, 300 MHz): =325 (2H, CH,;-
Ns), 1.26 (22 H, CH; of undecyl chain), 0.88 (3H, CH;): UV-
vis: plasmon band at 520 nm; IR : vy, band: 2094 cm™; DLS
(dynamic light scattering): 24.1 nm: TEM: 2.7 £0.3 nm.

General Proceduore for the Click Reaction of
Undecanethiolate-AuNP with Alkynes: Synthesis of
the AuNP ¢-1-c-11

Azidoundecanethiolate-AuNP  (20mg, 001 mmol azide
branch, 1 equiv.) and the alkyne (0.05 mmol, 5 equiv.) were
dissolved in toluene, then the solution was flushed with N,
[Cul 1) Hexabenzyl) Tren) [Br (0.001 mmol, 0.1 equiv.) was
added, and the solution was allowed to stir overnight at
30°C under N,. After removing toluene under vacuum, the
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AuNP were washed with methanol and ether in order to
remove the excess alkyne and the catalyst.

Synthesis  of  AuNP  c¢-1: From  phenylacetylene
1 (0.05 mmol, 5equiv., Smg); yield: 10 mg (48%). "H NMR
(CDCl,, 300 MHz): 6=7.81 (2H, C-CH-phenyl) 7.77 (1H.
CH of triazole) 4.36 (2H, triazole-CIf,), 1.24 (22H, CH, of
undecyl chain), 0.84 (3H, CI;): UV-vis: the plasmon band
at 530 nm, £=3.5x 10Pm "em™; IR: disappearance of the vy,
band at 2094 ¢cm™"; DLS: 22.3 nm.

Svynthesis of AuNP ¢2: From ferrocenylacetylene 2
(0.05 mmol, 5 equiv., 12 mg); yield: 12mg (41%). "H NMR
(CDCl;, 300 MHz): &8 =448 (2H, triazole-CH;), 429 and
4.21 (9H, Cp), 128 (22H, CH, of undecyl chain), 0.90 (3H,
CH;): UV-vis:  plasmon  band at 530 nm, e=39x
10°m " em™; IR: disappearance of the vy, band at 2094 cm™;
DLS: 196 nm.

Synthesis of AuNP ¢-3: From the dendron 3 (0.05 mmol,
Sequiv., 13 mg); vield: 17 mg (78%). '"HNMR (CDCl,
300 MHz): 6=721 and 6.94 (4H, CH aromatic), 557 (3H,
CH of allyl), 5.01 (6H, CH,CH-allyl), 468 (2H, triazole-
CH,-0), 241 (6 H, CH; of allyl), 125 (22H. CH, of undecyl
chain), 0.88 (3H, Ci;); UV-vis: plasmon band at 530 nm,
e=31x10Pm 'em™; IR: disappearance of the vy, band at
2094 em™'; DLS: 28.5 nm.

Synthesis of AuNP c-4: From alkynyl-PEG 4 (0.05 mmol,
5 equiv., 100 mg), reaction in THF/H,O (1:1). After remov-
ing THF under vacuum, the aqueous phase was filtered and
dialyzed for 3 days, then extracted with CH,CI, three times,
and dried over sodium sulfate. The solvent was then re-
moved under vacuum; vield: 35mg (89%). "H NMR
(CDCl;, 300 MHz): & =7.74 (1H, CHf of triazole) 4.16 (2H,
triazole-CI1,), 3.60 (180H, OCH,CH,0), 334 (3H, CIH,0),
2.67 (4H, -CH,y8-8-CH,). 124 (22H, CH, of undecyl
chain), 0.84 (3H, Cf;); UV-vis: plasmon band at 550 nm,
e=62x10Pm 'em™; IR: disappearance of the vy, band at
2094 em~'; DLS: 10.3 am; TEM: 3.1£03 nm.

Synthesis  of AuNP  ¢-5: From propionic acid 5
(0.05 mmol, 5equiv., 4 mg). The procedure described above
for ¢-1 was used; yield: 11 mg (52%). "HNMR (CDClI,,
300 MHz): 6=7.41 (1 H, CH of triazole) 3.75 (2H, triazole-
CH5), 1.30 (22H, CH, of undecyl chain), 0.92 (3H, CI;);
UWV-vis: plasmon band at 540 nm, e=2.9x10°m "em™; IR:
disappearance of the vy, band at 2094 ¢cm™; DLS: 24.6 nm.

Synthesis of AuNP ¢-6: From 6 (0.05 mmol, 5 eguiv.,
30 mg). The procedure described above for ¢-1 was used,
yield: 23mg (91%). 'HNMR (CDCl;, 300 MHz): §=7.29
(1H, CH of triazole) 6.59 (2H, CH-arom), 4.49 (2H, tria-
zole-CH,-0), 415 (8H, OCH;-arom and arom-OCH,CH,),
3.64 and 3.58 (30H, -OCH,CH,0-), 337 (3H, CIH,0), 1.25
(22H, CH; of undecyl chain), 0.87 (3H, CH;); UV-vis: plas-
mon band at 550nm, e=355x10°m "cm™"; IR: disappear-
ance of the vy band at 2094 em™; DLS: 10.9 nm.

Synthesis of AuNP ¢7: From 7 (0.05 mmol, 5 equiv.,
40 mg). The procedure described above for e-1 was used;
yield: 24 mg (88% ). "H NMR (CDCls, 300 MHz): 6 =7.57
(1H, CH of triazole) 6,97 (2H, CH-arom), 490 (2H, tri-
azole-Cf,-CH,), 4.15 (8H, OCH;arom and arom-
OCH,CH;), 366 and 3.55 (48H, OCH.CH,0), 337 (3H,
CH,0), 125 (2H, CH, of undecyl chain), 0.88 (3H, CI;);
UW-vis: plasmon band at 350 nm, e=35.1x10°m"cm™; IR:
disappearance of the vy, band at 2094 ¢cm™" DLS: 10.2 nm.
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Synthesis of AuNP ¢-8: From ethynylecobaticinium hexa-
fluorophosphate 8 (0.05 mmol, 5equiv., 6 mg). The proce-
dure described above for ¢-1 was used; yield: 12 mg (57%).
'HNMR (CDCL, 300 MHz): & =751 (1H, CH of triazole),
387, 597 and 528 (9H, Cp), 125 (22H, CH: of undecyl
chain), 0.89 (3H, CH;): UV-vis: plasmon band at 540 nm,
e=37x10°m"em™ IR: disappearance of the vy, band at
2094 cm™Y DLS: 234 nm.

Synthesis of AuNP ¢9: From the iron complex 9
(.05 mmol, 5equiv., 19mg). The procedure described
above for e-1 was used; yield: 11 mg (47%). "H NMR
(CD:CN, 300 MHz): 6 =7.61 (1 H, -NHCO-), 745 (1H, CH
of triazole), 4.97 and 4.70 (5 H, Cp), 4.15 (2H, -CONH-CH,-
b 240 (15H, CH#Cp), 2.13, 1.28 (22H, CHf, of undecyl
chain), 0.89 (3H, CH;); UV-vis: plasmon band at 530 nm,
e=32x10°m"em™" IR: disappearance of the vy, band at
2094 cm™"; DLS: 250 nm.

Synthesis  of  AuNP  ¢10: From the dendron 10
(0,05 mmol, 5equiv., 26mg). The procedure described
above for ¢-1 was used; yield: 17 mg (69%). '"H NMR
(CDCL,, 300 MHz): 8=6.94 (2H, CH aromatic), 6.03 (3H,
CH of allyl), 5.01 (6H., CHCH-allyl), 451 (8H, OCH,-
arom and arom-OCH,CH;), 4.15 (2H, triazole-Cl;-0-),
241 (6H, CH, of allyl), 121 (22H, CH, of undecyl chain),
0.92 (3H, CH;); UV-vis: plasmon band at 530 nm, e =39x
10°m " em™; TR: disappearance of the vy, band at 2094 cm™;
DLS:27.1 nm.

Synthesis  of  AuNP ¢ 11: From the dendron 11
(0,05 mmol, 5equiv., 55mg). The procedure described
above for ¢-1 was used; yield: 23 mg (75%). "H NMR
(CDCI,, 300 MHz): =721 and 691 (12H, CH-arom), 433
and 4.07 (27H, Cp), 410 (2H, triazole-Cif;), 1.89 (oH,
-CH,CH,CH,Si-), 1.31 (22H, CH; of undecyl chain), 1.09
(6H, -CH,CH,CH,Si-), 091 (3H, CH;, 064 (6H,
-CH,CH,51-), (0L19 (18H, CH-S1-CH;): UV-vis: plasmon
band at 350 nm, e=4.5x 10fm'em™"; TR: disappearance of
the wy, band at 2094 cm™'; DLS: 233 nm; TEM: 2.9+
0.3 nm.

Supporting Information

All spectra with data ("HNMR, UV-vis, and infrared),
TEM with histograms and DLS data of AuNP and CV of
AuNPs containing redox-active ligands are available in the
Supporting Information.
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3.1 Introduction

This chapter is composed of two sections. Bothhefit concern the biocompatible
AuNPs containing PEG ligands, and their application biology.

The first section deals with the encapsulation ofedaxel by PEG functionalized
AuNPs for potential applications to cancer therapyis involves the collaboration
work with Dr Gillian Barratt’s group at the Facult® Pharmacie of the Université
Paris Sud in Chatenay-Malabry. The novel drug @ejisystem (DDS) in the present
of AuUNPs and the covalent linked targeting ageht facid was prepared in Bordeaux,
and the biotests were carried out in Chatenay-Mwlalith the collaboration of Prof
Gillian Barratt’s group with the help of Rachel @ira.

The second section demonstrates the encapsuldtwater soluble vitamins (B3, B6,
B9 and C) by thiolate-mPEG protected AuNPs. Thamihs could be encapsulated
into hydrophobic core of AUNPs by the mPEG ligaldde to the biocompatibility of
PEG, the PEG capped AuNPs with encapsulated vigaimane potential applications
in the hydrophobic part of human bodies.

3.2 Gold Nanoparticles on Docetaxel Drug DeliveryyStems.

Folate-functionalized Gold Nanoparticles for Anti-ancer

Docetaxel Delivery

Abstract

In this study, a novel drug delivery system for elagel was prepared. Firstly, the
PEG and mPEG-coated AuNPs were synthesized, followsy covalent
functionalization with folic acid at the PEG termifhis structure of this system was
confirmed by'H NMR, TEM, UV-vis spectroscopy and Dynamic Lightaf&ering
(DLS). Tests in cell culture using AuNPs with ensdpted docetaxel were carried out
to evaluate the efficiency of this drug delivergtgm.

Key words: gold nanoparticles, docetaxel, folic acid, dreg\kry system

Introduction

Drug carriers are attracting increasing interestanomedicine, especially for cancer
treatment® In particular, liposome,polymer nanoparticles nanocapsuleS silica
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nanorattle¥ and dendrimefs® have been widely investigated. Among nano-sized
carriers, gold nanoparticfésare a very attractive non-toxic family that praid
theranostic (combined diagnostic and therapeutic}tions:>*°

Docetaxel”® is, together with paclitaxel, one of the most pduleanticancer drugs
in the taxane family. Compared with other currentbed anticancer drugs, it has a
broad spectrum of activity against a variety of éusa Despite successful
performances by docetaxel against several kindsrobrs?*3* there are still severe
limitations such as its poor aqueous solubilityr(nally at the level ofig/ml) and its
systematic toxicity>3433

In a previous study of our group using “passive’rgéting of docetaxel,
PEG-functionalized AuNPs were shown to greatlyease the solubility of docetaxel.
Delivery of PEGylated AuNP-encapsulated docetaxad studiedn vitro with human
colon carcinoma (HCT15) and human breast cancerHMells. AuNPs alone
presented no cytotoxicity towards either MCF7 orTH6 adenocarcinoma cells. The
AuNP-loaded docetaxel was 2.5-fold more efficiedmart docetaxel against MCF7
cells, and the 165 of AuNP-docetaxel in HCT15 cells was lower thamttlof

docetaxef*

In the present article, we describe a new drugvesti system (DDS) involving
“active” targeting with PEG-coated AuNPs with covalentlyubd folate at the
termini, encapsulating docetaxel by non covalepramolecular interactions. In this
system, folate is the active targeting agent, while AuNPs played a role of
nanocarrier for docetaxel delivery. To our knowledd is the first time that folate has
been covalently bound to AuNP for docetaxel deliv@he efficiency of this system

was investigated by an-vitro study.

Results and discussion

Synthesis and characterization of AUNPs

As shown in Scheme 1, the AuNRvas synthesized by modified Brust metfio¢see
experimental section). From the 1H NMR spectrumMaiP 1 (see Sl), it can be seen
that the AuNP surface was capped by 50% HS-mPEGa#HS-PEG-NK+ HCI.
This indicated that 50% of capped ligand on AulNRould be functionalized by
NHS-folate through the coupling reaction, leading AuNPs with folate
functionalization at the periphery (AuNg.

The folate functionalization at the termini of AuNtHs confirmed by théH NMR
spectrum (Sl). The size of the AuNPs, determined tlansmission electron
microscopy (TEM) is 4 £ 0.5 nm (Figure 2) with ass$ic satisfactory dispersity. The
plasmon band is observed at 530 nm (Figure 3) waisb confirms that the size of
the AuNPs is larger than 3 nm.

The AuNPs2 were used to encapsulate the docetaxel for th@nfimig in vitro study.
The encapsulation procedure is described in therempntal section. Here numerous
weak hydrogen bonds form between the OH and NHmuodwocetaxel (Scheme 1)
and the numerous oxygen atoms of the PEG polymeesd weak but numerous
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hydrogen bonds allow to use the PEGs as a molesolaent encapsulating docetaxel
molecules in water for its solubilization in water.
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Figure 2 The size and size distribution of AuRIBy TEM.
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Figure 3 The plasmon band absorption spectrum bdffA21

Evaluation of AuNP 2 on HUVEC cells

In order to test the biocompatibility of AuNPs, thE'T assay on HUVEC cells was
used after incubation with AUNR As shown in Figure 4, the HUVEC cells cultured
with FA-Au NPs with various concentration had semilviability to the untreated
control group (p>0.05). These results show that AdA-NPs have good
biocompatibility and no toxicity to HUVEC cells.
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Figure 4 Viability of HUVEC cells in presence of N®s2, estimated by the MTT
test.

In vitro cytotoxicity of AuNPs with encapsulated docetaxetowards LnCap
prostate cancer cells

Figure 5 shows that a 48-h of treatment with the/ADMOC nanopatrticles caused a
small decrease in cell viability at most concemndrag. On the other hand, free DOC
did not affect cell viability at 48 h. However tdese-effect was more prominent after
6 days of treatment. In this case, the Au/DOC shibaveimilar effect to free DOC.
Unloaded AuNPs had no effect on cell viability @her time-point (data not shown).
These results were confirmed by observation witbatical microscope.

The morphology of the cells was observed after @ ad treatment using an optical
microscope (Leitz Diaplan) at 100X magnificatiorypical photomicrographs are
shown in Figure 6, which indicated much fewer cealier 6 days of treatment with
DOC or Au/DOC compared with control cells or cetigated with unloaded
nanoparticles.
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20 Doc 6 days
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Concentration DOC (M)

Figure 5 Percentage of cell survival in contactvidtOC and Au/DOC after 48h and 6
days.(Test was carried out in Chatenay-Malabry by RacheDliveira.)
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& G

Figure 6 Optical microscopy images of LnCap ceftereb days: (A) control without
treatment; (B) cells with Au; (C) cells with DOC7%10° M; (D) cells with Au/Doc
1.7x10° M. The bar represents 50 p(fiest was carried out in Chatenay-Malabry
by Rachel Oliveira.)

Conclusions and outlook

In this study, AuNPs have been functionalized vi#Gooo by “click” chemistry in
order to encapsulate docetaxel by supramolecularactions for furtheim vitro and

in vivo study. The PEG-protected AuNPs with folate funwdiiation show an
excellent biocompatibility. These AuNPs used forcetaxel delivery indicate an
efficient anticancer property for prostate canadisan anin-vitro test. In future work,
in vivo evaluation of this DDS will be needed. Also, wevisage to prepare the
AuNPs with longer PEG (i.e. Pkgao or PEGoog as the stabilizer, and compare the
different anticancer properties of AUNPs protectgtth longer PEG chains with those
bearing shorter PEG chains.

Experimental section

General Data.

All solvents and chemicals were used as receitt¢dMR spectra were recorded at
25°C with a Bruker 300 (300 MHz) spectrometer. thi chemical shifts are reported
in parts per milliond, ppm) with reference to M8i for the*H and**C NMR spectra.
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The DLS measurements were made using a MalverrsiZeta3000 HSA instrument
at 25°C at an angle of 90°. The infrared (IR) sfzeatere recorded on an ATl Mattson
Genesis series FT-IR spectrophotometer. UV-visomih®n spectra were measured
with Perkin-Elmer Lambda 19 UV-vis. spectrometdre MTS reagent was purchased
from Promega (Madison, USA). Cell culture reagewesre from Lonza (Basel,
Belgium). Docetaxel was purchased from Sigma-Ahdri@likirch, France) and
DMSO from Carlo Erba (Milan, Italy).

Synthesis of HS-PEG-NH « HCI

The molecular weight of PEG was 400. The synthesite of HS-PEG-NKI+ HCI
was followed by the referenteH NMR (CDCk, 300 MHz) 3.58 (40H, -8,CH,0-),
3.17(2H, -GH,NH,HCI), 2.70 (2H, HSEl,-).

Synthesis of HS-mPEG

The molecular weight of mMPEG was 550. The synthesige of HS-mPEG was
followed by the referenc€.’H NMR (CDCk, 300 MHz) 3.60(40H, -8,CH,0-),
3.33(3H, -O®3), 2.68(2H, HSEI,-).

Synthesis of Folate-NHS

The synthesis of folate-NHS prodeeded as desciiyerhang et af® Briefly, Folic
acid (1.0g, 2.3mmol) and triethylamine (5ml) wedsled into DMSQ30ml) and the
mixture stirring at r.t. under nitrogen atmosphergil folic acid was completely
dissolved. Then NHS (0.3g, 2.6mmol) and DCC (0.7Z6mol) were added and the
mixture was stirred overnight at 80°C under a gi&mo atmosphere. After filtration,
the filtrate was poured into 300mL acetonitrilegddhe yellow precipitate was washed
twice with ethanol and diethyl ether, and the yelfmowder was collected. Yield: 82%.
'H NMR (DMSO-d6, 300 MHz) 8.60 (1H, pyrazine ring)61 (1H, arom ring), 6.97
(1H, -CHNH-arom ring), 6.63 (1H, arom ring), 4.64 (2H,HENH-arom ring), 2.82
(4H, -NOC-H,CH,-CON-), 2.29(2H, -CHCH,COO0-), 1.99(2H,
-CH,CH,CH,COOH).

Synthesis of AUNPs 1

Thiolate-mPEG (Mw = 550; 55mg, 0.1mmol) and thiet@EG-NHHCI (Mw = 490
49mg, 0.1mmol) were dissolved into 10mL MeOH, ahi tsolution added into a
solution of HAICI, (100mg) in 30mL (MeOH:BD 1:1). After stirring for 5 minutes,
1ml of a freshly prepared NaBH100mg) aqueous solution was added dropwise and
with vigorously stirring for another 1h. Then, MeQ¥hs evaporated under reduced
pressure, and the water phase was salted into E&aCl, with a minimum amount
of NaCl. The organic phase was separated and dvedNaSQO,. After evaporated of
the solvent under vacuum, the crude product wasohlied in 30mL distilled water
followed by dialysis. Yield: 45mgH NMR *H NMR (CDCk, 300 MHz) 3.58 (40H,
-CH,CH,0-), 3.33 (3H, -O€l3), 3.17 (2H, -®:NH,HCI), 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 AuNPsl from the above synthesis was dissolved into 4mL@4 and
0.02mmol FA-NHS was dissolved into 4ml DMSO, 0.2tnkethylamine (TEA) was
added into the mixture and stirred overnight at After evaporating ChCl, under
vacuum, 50ml ether was poured into the solutiond #ren the precipitate was
collected and dissolved into GEl,, and filtered over paper. The filtrate was
evaporated to obtain the product as 14mg of degprgstals.'*H NMR *H NMR
(DMSO-d6, 300 MHz) 6.97 (1H, -CiNIH-arom ring), 6.63 (1H, arom ring), 3.58
(40H, -CH,CH,0O-), 3.33 (3H, -OEl3), 2.29 (2H, -CHCH,COO-), 1.99 (2H,
-CH,CH,CH,COOQOH). UV-vis: plasmon band at 530 nm. DLS: 50.4 ii&M: 4 + 0.5
nm.

Encapsulation of docetaxel

A stock solution of docetaxel was carefully prepareith 5.92 mg of docetaxel
(XP105 DeltaRange Analytical Balance - Mettler Tae (Zurich, Switzerland),
dissolved in 0.2 mL of DMSO, followed by furthetwdion in distilled water. In order
to encapsulate the drug, 1 mL of a suspension &fRs2 at 10 mg/mL was added to
14.3 mL of a DOC solution of 0.28 mg/mL. All soloiis were sterilized using a 0.2
pm cellulose acetate sterile syringe filter anddhech in a sterile environment in order
to prevent microbial contamination during the erstégtion period. The final mixture
was stirred for 5 days during 30 °C and used dydot evaluate their cytotoxicity
against human prostate cancer cells.

Evaluation of biocompatibility of AUNP 2

The toxicity of FA-Au NPs was evaluated by MTT agsahich was used to evaluate
the viability of HUVEC cells after incubation withe FA-Au NPs.

In detail, the HUVEC cells were seeded to the 98-wdture plate, and incubated for
18h. Then, the cells were cultured with FA-Au NPsarious concentrations (1, 5, 10,
20, 50 and 100g/ ml) for 24h. Cells without adding AuNPs were dises a control
group (Qug/ ml). MTT reagents were added into each well eutured for another 4h.
Then the medium was removed, and the cells weedlys DMSO. After formazan
was dissolved, the absorbance at the waveleng8#@fnm was read. Relative cell
survival was represented as a percentage of thieot@mnoup. Five parallel samples
were performed in each group.

Cytotoxicity evaluation

The human prostate cell line LnCap (ECACC RefereB@#10211) was obtained
from the Institut Bergonié, Bordeaux. Cells weratiwely grown in RPMI-1640
medium supplemented with L-glutamine, 10% of febalvine serum and 5%
penicillin-streptomycin. Cells were incubated at €7 in an atmosphere containing
5% CQ and passaged once a we€kll viability was estimated using the Promega
Cell Titer 96 Aqueous Non-Radioactive Cell Prolifgon (MTS) assay’

The cells were seeded in 96-well plates (5000 oel&0 pL per well). Free docetaxel
(DOC), alone and AuNP loaded with docetaxel (Au/D@e&re suspended in culture
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medium, serially diluted and added 96-well miceatiplates (5QiL/well), 24h after
seeding the cells. The plates were incubated faurther 48 h or 6 days. Ninety
minutes prior to the end of each exposure perileel MTS reagent (20L/ well) was
added.

The absorbance of the formazan product was reddavt92 nm high-pass filter in a
Multiskan MS microwell plate reader (Labsystem,y,cicountry) Background
absorbance due to the non-specific reaction betweetest compounds and the MTS
reagent was measured in wells without cells and swdgracted from the values
measured in the presence of cé&li€ell viability was calculated as a percentage of
the absorbance of untreated cells. Triplicate wabtse used for each pointhe low
concentration of DMSO present in the samples &f flecetaxel was tested alone and
found to have no effect on cell viability.
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Characterization of AUNP 2
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3.3 Encapsulation of Water-soluble Vitamins by Gold\Nanoparticles

in Hydrophobic Media

Encapsulation of Water-soluble Vitamins by Gold Nanoparticles in Hydrophobic Media
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Thiolate-mPEG  ligand-protected gold nanoparticles
(AuNPs) are shown to encapsulate the water-soluble vitamins
C Sascorhic acid). B3 (nicotinic acid), B6 (pyridoxine) and B9
(folic acid) in a hydrophobic medium, ie. between 1000 and
3000 witamin molecule per 6-nm-coredAuNPs (overall size:
19.2 = 2 nm) in dichloromethane solution.

Vitamins are organic compounds that are required as nuirients in
tiny amounts by organisms. Many vitamins are soluble in
agueous solvents, which favors their facile assimilation, but are
not soluble in hydrophobic media, which prevents their access to
hydrophobic areas of the body.! This is the case for vitamin C, B3,
B6 and B9 (Figure 1). Vitamin C (ascorbic acid, AA), 15 a well-
known anti-oxidant that protects the body against oxidative stress
and 15 an electron domor for eight different enzyvmes and a
cofactor m several vifal enzymatic reactions. It is invelved i the
synthests of red blood cells, contributes to the immune system
and to the defense agamst infections, favors the absorption of iron,
and 1s required for the synthesis of skin collagen.” Vitamin B3
(nicotinic acid, NA), a precursor of NADH, NAD™, NADP", and
NADPH, pl'ws essential metabolic roles in li\i.nz cells and is
involved in both DNA repair and the production of steroid
hormones in the adrenal gland ” Vitamun B6 (pyridoxine, PN), 1s
an active factor and cofactor in many reactions of amino acid
metabolism. 1nclu{111’uj transamination, deammation, and
decvboqlanou Vitamin BO (folic acid, FA) 1s essential to the
body imter alia for the synthesis. reparr and methylation of
DNA Tt 15 especially important i aiding rapid cell drvision and
growth, such as in infancy and pregnancy.”
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Figure 1. Structures of the water-soluble vitamins a) vitamin C (ascerbic
acid, AA); b) vitanun B3 {mcotmic acid, NA); ¢) vitamin B6 (pyndoxins,
PN} d) vitamin B9 (folic acid, FA).

Among the multiple mnvestigations and uses of gold nanoparticles
{AuNPs).® those involved in nanomedicine benefit from the
template effect that is increased by rather strong AulNP-thiolate
ligang bonds.” In addition, AuNPs are well known for their general
lack of infrinsic foxicity contrasting with those of other
nanoparticles and largely expoited in the fast expending
nanobiomedical field for imaging and therapy.'In this context, the
encapsulation or stabilization of gold nanoparticles (AuNPs) by
PEG dendrimers is known ®

Here we report the encapsulation of water-soluble vitanuns using
PEGylated AuNPs" for their solubilization in a hydrophobic
solvent. The idea relevant to the micelles consists in using the
amphiphilic properties of the poly ethylene glycol (PEG) termini
that provide PEG-AulNP solubilization in dichloeromethane and the
PEG compatibiliy with water-soluble vitamins forcing the vitamuns
to remain in the PEG-AulNP interior i order to escape the
hydrophobic solvent. For this purpose, we have designed AulNPs in
such a way that they be soluble in dichloromethane. Thus, the
AuNP ligands are polyethvlene glveol (PEG)-thiolate that are
accessible vig the corresponding thiol The PEGs present the
advantage of being biocompatible providing many biomedical and
medicinal studies and vses. In particular, they are known for their
enhanced permeation and retention effect (EPR). ie. they tend to
accumulate in tumor tissue much more than in normal tissues and
therefore stimulate the production of blood vessels which induces
the quick growth of tumor cells. This EPR effect is useful to target
drug- and imagery-containing nanovectors towards cancer cells®
The PEG ligands are also now shown to make possible the
dissolution of all these vitamuns in the “nanomelecular solvent”
upon assembling the PEG-thiolate ligand around the AulNP
template.

Thus, the PEG-thiolate-AuNPs'? were synthesized by mixing a
solution of trisodinm citrate and a solution of HAuCl, at room
temperature (r.t.) followed by the addittion of a freshly prepared
NaBH, solution with vigorously stirning. Afterl0 nun, a solution
of 1- thiol mPEG*! was also added, then the reaction medium was
stirred for 1 day, and dialyzed for 2 days (Scheme 1).



Scheme 1. Synthetic route toPEG-thiolate-AnNPs,

The AuNPs were charactenized by UV-wis. spectroscopy,
showing an intense plasmon band at 520 nm IR spectroscopy and
dynanuc light scattering (DLS) showing an overall AulNP size of
192 £ 2 nm (see the Supplementary Information). The size of the
AuNP core obtained by TEM 15 6.6 = 0.5 nm (Figure 2), which
corresponds, according Leff's ca.lcul.atiausfz to 639 tholate
mPEG lizands on the AuNP surface.

%3
&

vitamins became insoluble. For each vitamin the amounts added
were calculated versus each AuNP-thiolate-PEG ligand. The
maximum amount of encapsulated vitamm was 4.5 = 0.5 equiv.
vitamin C or B3 per ligand, 2.5 = 0.3 equiv. vitamin B6 per
ligand, and 15 = 02 equiv. vitamin B9 per ligand. The
dichloromethane solutions of AulNP-thiolate-PEG that were
saturated with vitamin, then filtered. were characterized in TUV-
vis. spectroscopy by a more or less important red shift of the
plasmon band depending on the witamun (Figure 3) and by the
observation of the IR spectra of these four hydrophobic vitamins
i addition to the AuNP absorptions (see the 5. 1)

From boftom 19 10p
AubEs (520 nm)
AuibiPs i (4 S § A par ligend)i§28 nm) |
AP NA 14 560 5 NA par IganitE528 s |
BuhPa+ PN {2 540 3 PN par ligand ¥ 528 amj
M5 A (1Bt 2 A per Bgand){826 nm) |

Abgorbance

o014

A 450 S00 L L) 880 Toa
Wavelangth (nm)

Fizgured. The plasmon band shifts of AuNP: upen emcapsulation of
vitamun © (AA4) B3 (NA). BS (PN) and BY (FA).

In conclusion, very large amounts of water-soluble, hydrophilic
vitamuns that are not soluble in could be encapsulated in
PEG-thiolate-AuNPs 25 demonstrated by solubilization of the
four vitanuns in dichloromethane m the presence of the PEG-
thiolate-AuNPs. The impressive encapsulated amounts per AuNP
in DCM are 2800 = 400 molecules of vitamin € or B3, 1920
+200 molecules of vitamin B6 and 250 =+ 100 molecules of
vitamun B2.
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1. Abbreviations

AA: ascorbic acid, vitamin C

NA: nicotinic acid, vitamin Bs

PN: pyridoxine, vitamin Bg

FA: folic acid, vitamin By

AuNPs: gold nanoparticles

DLS: dynamic light scattering

TEM: Transmission Electron Microscopy

2. Determination of the numbers of ligands per AuNP

Leff’s method'* provides the determination of the number of thiolate ligands:
Number n of Au atoms in each AuNP: n (Au) = 4H(R-5)5 / 3vg = 8850

(Diameter of AuNPs from TEM: D = 6.6 nm: vg=1.7x10" nm’:R-§=D/2)
Number of thiol ligands in each AuNP: n (thiol) = 4n(R-5)° / Sthiol = 639
(Area of each thiol atom in the surface of AuNPs: Sthiol = 0.214 nm?)
M (AuNPs) =1 (Au) = M (Au) + n (thiol}) x M (thiol-mPEG) = 2126850:

3. Encapsulation of the vitamins by the PEGylated AuNPs

The four vitamins C, B3, B6 and B9 were insoluble in dichloromethane in the absence
of the AuNPs. For the four vitamins. the procedures of encapsulation were similar. In
each case, the vitamin was progressively (slowly) added as small powdery portions
into 10 mL of the dichloromethane solution containing 10 mg of the AuNPs, and the
solution remained clear until the solid vitamin became insoluble in dichloromethane
after a certain amount of vitamin was added. The amount of each encapsulated
vitamin at the saturation point was 4.5 = 0.5 equiv. vitamin C per ligand, 4.5 = 0.5
equiv. vitamin B3 per ligand, 2.5 = 0.3 equiv. vitamin B6 per ligand, and 1.5 = 0.2
equiv. vitamin B9 per ligand. The saturated vitamin@AuNP dichloromethane solution
was filtered, and the UV-vis (in dichloromethane) and IR spectra (neat in KBr pellets
following evaporation of dichloromethane) were recorded (see below).

4. Characterization of the AuNPs

4.1 UV-vis. spectrum of AuNPs
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Figure 1. UV-vis. spectrum of the AuNPs in DCM. Plasmon band at 520 nm.

4.2 DLS of AuNPs

1-10nm 10-20nm 20-30nm 30-40nm 40-50nm

Figure 2. DLS of AulNPs. The average dynamic diameter of AuNPs is 19.2 + 2
nm.

4.3 TEM of the AuNPs
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Figure 3. TEM picture (left) and histogram (right) of the AuNPs. The size of the
AuNP core is 6.6 * 0.5nm.

4.4 IR spectrum of the AuNPs

4.4.1 IR spectrum of the AuNPs alone
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Figure 4. IR spectrum of the AuNPs alone in KBr pellets.

4.4.2 IR spectrum of AulNPs containing encapsulated AA
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Figure 5. From bottom to up: IR of AA alone (blue) and AuNPs with encapsulated
AA (red) in KBr pellets.

Table 1. Assignments of the IR absorption bands (KBr pellets) of the AuNPs alone
(left column), AA alone (middle column) and the AuNPs with encapsulated AA (right
column).?

Frequency (cm'l) Assignment

AuNPs AA AuNPs+AA

1107(vs) 1112(vs) v (C-H)

2887(vs) 2884(vs) v (C-0-C)

1240-1468(vs) 1240-1464(vs) 5(C-H)
3235(m) 3242(m) v (0-H)
1608 (s) 1632 (w) v(C=C) (in the aromatic ring)
1699 (s) 1697 (w) v (C=0)

a " N N -~
Abbreviations: vs: very strong. s: strong, m: medium, w: weak. v: stretch, and o:
deformation.
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4.4.3 IR spectrum of AuNPs containing encapsulated NA
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Figure 6. From bottom to up: IR of NA alone (blue) and AuNPs with encapsulated
NA (red) in KBr pellets.

Table 2. Assignments of the IR absorption bands (KBr pellets) of the AuNPs alone
(left column), NA alone (middle column) and the AuNPs with encapsulated NA (right
column).”

Frequency (cm'l) Assignment

Au NA Au+tNA

1107(vs) 1108(vs) v (C-H)

2887(vs) 2881(s) v (C-0-C)

1240-1468(vs) 1232-1473(m) 6(C-H)
1593(m) 1591 (m) v(C=C) (in the aromatic ring)
1672 (br) 1672 (br) v (C=0). v (C=N)

®Abbreviations: vs: very strong, s: strong, m: medium, br: broad, v: stretch, and &:
deformation.
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4.4.4 IR spectrum of AuNPs containing encapsulated PN
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Figure 7. From up to bottom: the IR spectrum of PN alone (blue) and AulNPs with
encapsulated PN (red) in KBr pellets.

Table 3. Assignments of the IR absorption bands (KBr pellets) of the AuNPs alone
(left column), PN alone (middle column) and the AuNPs with encapsulated PN (right
column).®

Frequency (c m'l)

Au PN Aut+PN Assignment

1107(vs) 1110(wvs) v (C-H)

2887(vs) 2884(vs) v (C-0-C)

1240-1468(vs) 1240-1466(vs) 5(C-H)
3228,3326(m) 3235 3319(m) v (O-H)
1412-1537 (m)  1411-1539 (m) v(C=C) (in the aromatic ring)
1623, 1731 (m) 1621, 1729 (m) v (C=N) (in the aromatic ring)

o e . - .
Abbreviations: vs: very strong, s: strong, m: medium, v: stretch, and &: deformation.

4.4.5 IR spectrum of AuNPs containing encapsulated FA
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Figure 8. From bottom to up: IR spectrum of FA alone (blue) and AuNPs with

encapsulated

FA (green) in KBr pellets.

Table 4. Assignments of the IR absorption bands (KBr pellets) of the AuNPs alone
(left column), FA alone (middle column) and the AuNPs with encapsulated FA (right

-:.-;111111111).El

Frequency (em™) Assignment
Au FA Au+FA
1107(vs) 1110(vs) v (C-H)
2887(vs) 2881(s) v (C-0-C)
1240-1468(vs) 1260-1465(m) o(C-H)
2921(w) v (C-H)
1605 (m) 1603 (m) v(C=C) (in the aromatic ring)
1635 (w) 1640 (w) 6(N-H)
1692 (w) 1689 (w) v (C=0)

d . 3 -
Abbreviations: vs: very strong, s: strong. m: medium, w: weak, v: stretch, and o:

deformation.
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Chapter 4

The Application of AuNPs to Spin Cross-over Devices

138



4.1 Introduction and contribution

Spin cross-over devices are designed by Dr AzzeBmesseksou’s group as optical
materials for memory storage resulting from hysisref the Fe(ll) spin cross-over.
Surface enhanced Raman spectroscopy or surfacaathRaman scattering (SERS)
is especially appropriate for the study of goldayzarticles derived with such systems.
It is a surface-sensitive technique that enhancasaR scattering by molecules
adsorbed on rough metal surfaces (especially forségace and Au surface). The
enhancement factor can be as much a8 th010", which means this technique may
detect single molecules. Thus, chapter 4 contasighanitted article, in collaboration
with the Laboratoire de Chimie de Coordination (D)C@ CNRS in Toulouse,
Azzedine Bousseksou’s group, including our contrdsuintroduced below..

We have developed a specific SERS substrate, wiashbased on the introduction of
AuNPs into the multilayer of the spin crossover (8@Im. (See Figure 1) In the first
step, benzene-1,4-dithiol was used to functionaizgld surface by means of Au-S
bonds. Then, the AuNPs were attached to the gofdsby the other S atom of the
benzene-1,4-dithiol. In the next step mercaptopyeidvas used to functionalize the
“free surface” of AuNPs, also using the Au-S bondiierwards, the substrate was
immersed into ethanol solutions of Fe(BFK,Pt(CN), and pyrazine step-by-step in
order to assemble a continuous films of the SCOptexFe(pyrazine)[Pt(CN), On
the whole 5 layers of the complex were deposited.
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Figure 1. Scheme of sequential assembly of the S&RStrate and the multilayer of
the compound Fe(pz)[Pt(CN)4]
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The AFM images (Figure 2) of the multilayer filmvealed a mean roughness around
50 nm which is close to the expected total thickrfes the multilayer [gold film (20
nm), a monolayer of AUNPs (18 nm) and 5 layershefdcomplex (5 nm)]. As we can
be seen from the cross-section of the AFM imaggatd with larger size (from a few
hundreds of nm to a few tens of nm) are also oleserprobably due to the
aggregation of AuUNPs and/or the precipitation @fitton complex.
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Figure 2. (a) AFM image of S5 surface with a stripe on th#.I(b) and (c) are
cross-sections corresponding to the blue and gteess on the AFM image,
respectively. The depth of the stripe indicatestiiiekness of the gold layer deposited
on silicon, i.e. 20 nm.

In order to detect the spin state switching forGHayers of the complex deposited on
AuNPs, we have acquired Raman spectra at high amddmperatures (Figure 3).
The Raman signature of silicon (broad band aro@ D00 crit) appears for both
temperatures and both excitation wavelengths. &t 8 excitation wavelength, we
can see a clear Raman signal from the iron comguiexnd 2200 cih (CN stretching
mode) at both temperatures. With the same conditibant with an excitation
wavelength of 633 nm and a laser power of 12 mWh&waspectra recorded at high
and low temperatures are not very clean. Actuallth a red excitation, the Raman
signal from 1,4-benzendithiol (main frequencies9,6238, 1056, 1092 and 2560 ¢m
is stronger than that of the iron complex. Moregptee background produced by the
silicon substrate is important in the range betw@@®-700 crit. For this reason it is
very difficult to see the peaks at 645 or 675 crevious Raman experiments have
highlighted that it is necessary to have a minimainca. 100 nm film thickness to
detect the spectrum of the iron complex with oumBa spectrometer. From the AFM
image we can safely deduce that the film thicknasthe present case is certainly
much less than 100 nm. Thus it is apparent thatetimeust be an enhancement
mechanism so as to observe Raman signal from #mgple. We believe that this
enhancement should be the plasmon resonance ofmgaloparticles (SERS effect).
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The plasmon resonance for gold nanoparticles witimr® of diameter is around 520
nm, so the SERS effect will be maximal for the grexcitation (532 nm). SERS
effect can explain why we can detect Raman signtl anly 5 deposited cycles.
However, it is not the only effect as we can infesm the intensity difference
between red and green excitation. Actually, thifledence is detectable on the powder
too. The other effect is the resonant Raman enhaeebecause the green spectral
range corresponds to an absorption band of the aomplex. Indeed, the Raman
signal of the iron complex is multiplied ma. 6 when the excitation is at 532 nm
(compared to 633 nm). We can thus tentatively mistish
surface-enhanced-resonance-Raman SERRS (532 nm$BER8 (633 nm) effects.
One shall note also that the excitation at 785 rdmdt allow us to observe a Raman
signal from the sample. This observation is in aegrent with the fact that the
enhancement should decrease when the excitatioalevagth is getting far from the
green spectral region.
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Figure 3 Raman spectra of FePt(pz) powder in the low spohldgh spin states for
excitation wavelengths of 632.8 nm (a) and 532 mn (The background was
removed.)

In summary, the Fe(pz)[Pt(CN)system allowed us to demonstrate the usefulness o
the SERS approach for obtaining the spectral sigeatf very thin (5 nm) layers of
SCO complexes. On the other hand, a few drawbatkleoSERS approach have
been also highlighted, which must be consideredHerfurther development of this
method in this field. First of all, the extremefage sensitivity of the method leads to
the exaltation of the signal mainly from the ficsposited layer, which is often not
representative for the ensemble of the film duth&possible presence of impurities,
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anchoring layers (thiols in our case) or distoite/mplete coordination
environments around the Fe(ll) ions. This factgetber with the modification of the
selection rules - can explain the presence of mdait peaks in the spectra when
compared to the bulk complex. Resonance effectshraysed to obtain more sample
selectivity. In a few cases, we observed also gtrgpectral fluctuations and the
emergence of broad bands betwean1000 — 1600 cih This phenomenon can be
assigned to the formation of carbonaceous speciesmefli by the
alteration/decomposition of the deposited molec(desl/or contaminants) due to the
high field enhancement. Even in the absence ofrdposition problems, significant
and uncontrolled sample heating and/or photoswitghmay arise, which are of
course undesirable phenomena in the context of gmnsition studies. An
optimization of the field enhancement seems thasiiable in each case.
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4.2 Sumitted Article: Gold Nanoparticles on Spin Tansition Device

Detection of molecular spin-state changes in ultra-thin films by photonic methods
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Abstract. Ultrathin films of molecular spin crossover materials exhibit very appealing properties for a
variety of photonic applications since the spin state switching is accompanied by a spectacular change
of the complex refractive index in a wide spectral range. In this paper we discuss different optical
spectroscopic approaches for the detection of spin state changes in nanometric films. We show that
conventional light absorption measurements can be used down to the nanometer thickness if the
oscillator strength of the transition is high, which is often the case for charge transfer transitions in
the ultraviolet range. We discuss also methods based on fluorescence energy transfer and we show
that this approach provides a straightforward means for detecting spin state changes in films in the
visible wavelength range, even if photobleaching may be a problem for certain luminophores.
Alternatively, refractive index changes accompanying the spin transition can be conveniently
determined by surface plasmon resonance (SPR) spectroscopy, which can also provide very accurate
film thickness determination. Plasmonic effects were also used, for the first time, to investigate spin
crossover films by means of surface-enhanced Raman spectroscopy (SERS). We show that this
technique can provide information not only on the spin state of the molecules in very thin layers, but

also on their chemical composition and structure.

Keywords: spin crossover; thin films; luminescent doping; surface plasmon resonance;

surface-enhanced Raman spectroscopy.
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1 Introduction

Spin crossover (SCO) complexes of 3d* — 3d” transition metal ions (Cr", Mn", Mn", Co", Co", Fe", Fe')
represent an important class of bistable materials for which switching between high-spin (HS) and
low-spin (LS) electronic configurations can be obtained by diverse external stimuli such as
temperature change, light irradiation, application of pressure or magnetic fields, or even the
adsorption of gas/vapor molecules.” The switching of molecular spin-states is accompanied with a
spectacular change of various physical properties. For this reason the possible applications of these
materials, including information storage, display and switching devices, pigments and sensors
continue to draw much attention. Recently, considerable progress has been made in the synthesis of
SCO nano-materials as patterned or continuous thin films, nano-composites or nanoparticles.”® This
research aims to investigate size reduction effects on the spin crossover properties and also to
integrate these materials into nanophotonic®” and nanoelectronic®™® devices. For most photonic
applications the ahility to process the material as thin films is mandatory. However, the detection of
spin state changes in very thin films (a few nm thickness) remains still a challenge in most cases. In

addition, the chemical and structural characterization of these films is also a difficult task.

The simplest photonic approach is based on the detection of absorbance changes accompanying the
SCO, but this may be hampered by the weak oscillator strengths of the electronic transitions. In a few
cases, the absorbance changes were thus exploited in a less direct way, through luminescence doping,
where the basic idea is to use a luminophore, whose luminescence is selectively quenched in a given
spin state of the metal ions in the material due to a radiative or resonant energy transfer process.’
Refractive index changes associated with the SCO (4nyg, = nys — ns, where n is the real part of the
complex refractive index n* = n + ik) provide probably even more interesting prospects for a range of
photonic applications, but they remain largely unexplored. In this paper we discuss these different

approaches and provide new strategies for further developments.
2 Experimental details

The preparation of the nanoparticle powders of the SCO complex [Fe"(hptrz).](OTs), (where hptrz =
4-heptyl-1,2,4-triazole, OTs = tosylate) as well as its homogeneous solution in chloroform were
previously discussed in ref. [10]. Luminescent dyes were purchased from commercial sources and
were added (1 %) to the ligand solution before the reaction with the iron salt. Thin films of
[Fe(hptrz);](OTs), were prepared by spin coating the chloroform seolutions on quartz or gold-coated
glass substrates. The film thickness was adjusted by changing the spinning velocity and the
concentration of the complex. Thin films of the SCO complex Fe"(pz)[Pt(CN).]** (where pz = pyrazine)
were assembled on a gold nanoparticle (AuNP) functionalized surface as follows. The traditional
Turkevich method™ was used to synthesize AuNPs. The particle mean size (18 nm), determined by
transmission electron microscopy, was found in agreement with the observed plasmon band at 520
nm. The substrates (Si wafer covered by 2 nm Ti and 15 nm Au) were first functionalized by
submersing them overnight into a solution of 1 mM benzene-1,4-dithiol in ethanol. Then, the
substrate was put into the AuNPs solution for 12 h. After this step it was submersed into a solution of
1 mM mercaptopridine in ethanol overnight. These wafers were soaked alternately (total of 5 cycles)
in ethanol solutions of 100 mM Fe(BF,);, 100 mM K,Pt(CN), and 100 mM pyrazine at room
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temperature (1 min in each solution), with rinsing in pure ethanol between steps (30 s). Finally they

were dried under an Ar flow.

UV-visible absorption spectra were measured with a Cary 50 spectrophotometer equipped with a
heating-cooling plate (Linkam PE120). A Fluoromax-4 (Horiba Jobin Yvon) spectrofluorimeter was
used to acquire fluorescence excitation and emission spectra at room temperature, which were
corrected for the instrument response (as implemented in the software). Variable temperature
fluorescence intensity measurements were carried out using the fluorescence microscopy setup
described in ref. [13]. Temperature dependent SPR spectra were acquired using a custom-built
reflectivity setup,” based on the conventional Kretchmann configuration. Raman spectra were
collected by means of a LabRAM-HR (Jobin Yvon) Raman microspectrometer. The excitation source
was either a HeNe (632.8 nm, 17 mW) or a Nd:YAG (532 nm, 50 mW) laser. The exciting radiation was
directed through neutral density filters to reduce sample heating and was focused on the sample
through a x50 objective (working-distance, WD = 10.6 mm, numerical aperture, NA = 0.5) or a x100
objective (WD = 1 mm, NA = 0.9). For Raman and fluorescence microscopy measurements the

samples were enclosed under N; atmosphere in a variable temperature chamber (Linkam THMS600).
3 Results and discussion
3.1 Absorption spectroscopy

The change of the spin state of the molecule leads naturally to a complete change of its electronic
absorption spectra, which can be used therefore conveniently to follow the spin state changes. In
particular much attention has been focused on metal-centered d-d (or ligand-field) transitions
appearing in the visible (vis) or near infrared (NIR) spectral ranges.** However, these transitions are
relatively weak (Laporte forbidden) and the associated molar extinction coefficients (&) span from 1
to 100 M™cm™. Taking into account the Lambert-Beer law (eq. 1), it is clear that metal-centered
absorption bands cannot be observed for very thin films with thickness (d) below ca. 1 um, because
their optical density (OD) will be very low, even if the concentration (c) of the metallic centers is high

(e.g. pure, non-diluted compounds).
OD = 0.434&de (1)

On the other hand it is perhaps less widely recognized that charge transfer (CT) bands provide a
possibility for detecting absorbance changes even in films with nanometric thickness, because £ can
reach values as high as 10* — 10° M cm™. For example, a chromophore with £ = 10* M cm™ provides
a signal in the 10® OD range for a 1 nm thick (continuous) film, which is readily measurable by
conventional spectrophotometers. If CT transitions involve molecular orbitals located primarily on
the metal ion, they will be also altered by the spin state of this latter. To highlight the potential use of
this technique we have recorded the variable temperature optical absorption spectra of thin films of
the spin crossover complex [Fe(hptrz)s](OTs), in the ultraviolet (UV) wavelength range for different
film thicknesses (fig. 1). In the high temperature (i.e. high spin) state the films are nearly transparent
through the whole UV — vis — NIR spectral domain. On the other hand, in the low temperature (i.e.

low spin) state they display an absorption band centered at 285 nm, which can be assigned thus to a
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singlet CT band. As shown in fig. 1a-1b on the example of a 80 nm thick film, the temperature
dependence of this absorption band reveals clearly an abrupt spin transition in the film around 338 K
with a very small hysteresis loop. The variation of the absorbance at 285 nm as a function of the film
thickness is shown in fig. 1c. A linear fit on the data yields an extinction coefficient of 1.0(2)x10" cm™.
The main advantage of transmittance measurements is that they provide a quantitative
determination of the spin fractions, the absorbance being closely proportional to the concentration
of the chromophore. Furthermore, temperature and pressure dependent absorption measurements
are easy to implement. On the other hand, they are limited to the study of films with high surface
density of SCO complexes displaying HS and/or LS absorption bands of large oscillator strength.
Moreover, such intense bands appear usually in the UV spectral range, which may represent a

limitation for photonic devices.
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Fig. 1 (a) Selected temperature-dependent absorption spectra of a 80 nm thin film of the compound [Fe(hptrz);](OTs), in
the UV spectral region. (b) Temperature dependence of the absorbance of the same film at 285 nm (d7/dt = 2 K/min). Open
and closed symbols indicate the cooling and heating mades, respectively. (¢) Variation of the absorbance (285 nm, room T)

as a function of the film thickness. (The values of d were determined by atomic force microscopy.)

3.2 Fluorescent doping

For many applications detection of transmitted light intensity changes is not convenient. On the
other hand, a luminophore dopant may be also used to probe the spin state of SCO materials. In
general, luminescence can provide superior contrast and sensitivity for non-contact (remote) signal
detection with fairly high spatial and temporal resolution. These assets can be used advantageously
in various photonic applications. The luminescence signal may be modulated by the structural
changes that occur on SCO, for example changes in the density (and hence rigidity) of the lattice can
affect both the wavelength and intensity of the light emitted by the luminophore. Alternatively, the
luminescence can be modulated directly due to the change in the electronic configuration of the SCO
material during the transition. If the separation between a pair of energy levels associated with the
luminophore matches closely an energy level spacing of the SCO centre (in a given spin state) the
excited state energy can be transferred to the latter (fig. 2). For example, if the emission and/or
excitation bands of the luminophore show significant overlap with the absorption bands of the SCO
material, the luminescent response can be quenched via different energy transfer processes. Hence,

through the judicious choice of a luminophore with suitable spectral overlap, it is possible to

4
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modulate the luminescent response as a function of the spin state of the SCO centers. Key factors in
optimizing the energy transfer mechanisms in these mixed materials include the nature (radiative or
non-radiative) of the quenching process, the relative proportion of luminophores with respect to the

spin-active centers as well as their separation.
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Fig. 2 () Schematic representation of the doping of a luminophore into the matrix of a spin crossover material.
(b} Jablonski diagram showing excitation, fluorescence and energy transfer processes (ET) between a
luminophore (S) and a spin crossover complex. The diagram shows the case when ET between the luminophore
and the complex occurs in the LS {IA} state of the latter. Since the relaxation of the excited state of the complex
(lT—>1A} is @ non-radiative process it leads to the quench of the fluorescence. When the complex is in the high

spin (ST} state, ET is not efficient, i.e. the luminescence is not quenched.

Fig. 3 shows the chemical structure of different luminophores that we have tested in combination
with the spin crossover complex [Fe(hptrz);](OTs),. These luminophores were chosen for their
robust, intense luminescence in the green spectral region. Indeed, the inspection of the absorbance
spectra in fig. 4 reveals that the emission bands of these luminophores overlap tightly with the broad
absorption band of the complex in the LS state around 540 nm. The excitation spectra of the
luminophores show also a partial spectral overlap at several wavelengths with the LS absorption
bands of the complex. These features suggest that the spin state change of the complex from LS to
HS should lead to a significant increase of the luminescence intensity for judiciously selected

excitation and emission wavelengths.
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Fig. 3 Chemical structure of the luminophores used in this work. From left to right: acridine orange (AOQ), rhodamine 110

(RH110) and calcein.

The thermal variation of the luminescence intensity was measured at 543 nm (excited at 450 nm) for
the nanoparticles of the compound [Fe(hptrz);](OTs). doped with the different luminophores. At

room temperature the complex is in the LS state, but upon heating it is transformed to the HS state
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around 325 K. This spin state change involves the decrease of the absorbance at 543 nm and, as a
result, an increase of the luminescence intensity at this wavelength for each dopant. When the
sample is cooled back to room temperature it returns to the LS state as seen by the decrease of the
luminescence intensity. One shall note that this thermal behavior is completely opposite when
compared to the ordinary thermal extinction of the luminescence. Unfortunately, in the case of the
calcein doped powder, we have been unable to obtain a stable, reproducible luminescence signal as
a function of the temperature. This lack of stability is related mainly to photobleaching, but we
observed sample ageing upon thermal cycling even in the dark, whose origin is not yet clear. On the
other hand, the AO and RH110 doped powders display a fairly robust, reproducible thermal response
(fig. 5a-5b). It is interesting to notice in these figures that the cooling and heating curves do not
superpose: this thermal hysteresis is often observed in SCO materials due to the cooperative (first
order) nature of the spin transition. Actually, as a function of the synthesis conditions, sample
composition, morphology, solvents, etc. one may tune the transition temperature and also the form
of the transition curves (gradual, abrupt, hysteresis) in a wide range,” which is a very useful asset for

the different thermochrome applications.
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Fig. 4 Luminescence excitation (a) and emission (b) spectra of [Fe(hptrz);](OTs): nanoparticles doped with different
luminophores (295 K, chloroform solution). The spectra were recorded for 560 nm emission and 450 nm excitation

wavelengths, respectively. The dotted lines show the absorption spectra of the complex in the LS and HS states.

We have also prepared thin films by spin coating the chloroform solution of the AO and also the
RH110 doped complex on quartz substrates. The AO doped thin films were described in ref. [13].
Here we show the results with RH110 doping (fig. 5c). The spin transition curves obtained by
fluoresecence (fig. 5¢) and by transmission (fig. 1b) measurements on two similar thin films (doped
and undoped, respectively) are readily comparable. We shall also note that the RH110 doping in this
system proved to be very efficient when compared to the results reported in ref. [15] for another
Fe-triazole based system synthesized in reverse micelles. This observation highlights that beside the

spectral overlap, which is nearly the same in the two cases, other parameters, such as the spatial
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location of the luminophore should play also an important role in the energy transfer process in

these systems.
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Fig. 5 Temperature dependence of the fluorescence intensity (excitation at 450 nm, emission at 543 nm) of the complex
[Fe(hptrz);](OTs), doped with different dopants in the heating and cooling modes (dT/dt = 2 K/min). (a-h) powder samples,
(¢) thin film sample (d = 150 nm).

3.3 Surface plasmon resonance (SPR) spectroscopy

SCO materials exhibit important changes of the refractive index through the whole UV — vis — IR
spectral ranges due primarily to the important density change accompanying the spin state change.
This strong electron — lattice coupling arises from the different population of anti-bonding e, and
non-bonding t,, orbitals of the Fe" ion in the two spin states.” The volume of the octahedron defined
by the six ligating nitrogen atoms around the iron(ll) ion is typically 25-30 % higher in the HS state
leading to a unit cell expansion 4V,,/V between 1 and 10 %, depending on the nature of the
compound. As a consequence of this significant density change, one should expect a change of the
real part of the refractive index upon SCO in the range between Any = 0.01 - 0.2. In addition to this
material density change, one shall consider also the change of the electronic polarizability of the
complex. This effect will be particularly important for wavelengths in the vicinity of intense charge

transfer transitions.

Recently, we have demonstrated the possibility to follow the SCO phenomenon through the
refractive index changes using optical diffraction, ellipsometry and SPR spectroscopy.”® This latter
technique is particularly well adapted to study thin SCO films. For an appropriate combination of the
wavelength, polarization and incidence angle of the exciting light beam a resonance is observed in
the reflectance spectra. This is the so-called “simultaneous wavevector and frequency matching
condition” for SPR spectoscopy. The corresponding minimum in the angular reflectance curve of the
Au/SCO multilayer will be temperature dependent due to the ordinary thermal expansion of the
material and, most importantly, due to the SCO phenomenon. When the temperature of the
multilayer is increased the spin state of the SCO layer changes from LS to HS and the associated
decrease of the refractive index leads to a shift of the resonance to lower angles. This phenomenon is
shown in fig. 6a for a 30 nm thin film of the compound [Fe(hptrz)s](OTs); using the data reported in

ref. [5]. One can observe that the shift of the reflectance intensity is virtually linear far from the spin
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transition as expected for ordinary thermal expansion. On the other hand the discontinuity and the
hysteresis loop around 320 K is a consequence of the thermal spin transition. This transition occurs at
somewhat lower temperature when compared to the fluoresecence (fig. 5¢) and UV transmission
(fig. 1b) curves. This difference is related most probably to the different degree of hydratation of the
films, because the SCO temperature in this hygroscopic compound is known to be very sensitive to its
water content.'® It is important to note that the SPR spectra provide information not only on the spin
state of the thin film, but allows also for the determination of its complex refractive index and its
thickness. As an example, fig. 6b displays the SPR angle shift as a function of the thickness of the
[Fe(hptrz)s](OTs), film. (The thickness was determined by fitting the reflection spectra of the

multilayer by the Fresnel equations as described in ref. [5].)
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Fig. 6 (a) Temperature dependence of the reflectance intensity (A = 660 nm) at an incidence angle of 48.7° of the multilayer
[glass / Ti (5 nm) / Au (45 nm) / [Fe(hptrz)s]{OTs), (30 nm)] in the heating and cooling modes (dT/dt = 2 K/min). (b) Variation

of the resonance angle as a function of the film thickness (A = 660 nm, T =295 K).

3.4 Surface-enhanced Raman spectroscopy (SERS)

Besides the detection of molecular spin state changes in thin films of SCO compounds, another
critical issue is the analysis of their composition and structure. Raman spectroscopy has been
successfully employed at several occasions to infer structural information of continuous or patterned
SCO films.” However, Raman scattering has inherently low cross-section, hence the idea of using an
enhancement technique. Indeed, SERS refers to the fact that chemical species deposited on
specifically prepared metal surfaces exhibit very intense Raman spectra exceeding by several orders
of magnitude what is observed on “normal surfaces”. Today it is generally accepted that this high
Raman scattering intensity arises in most cases primarily from the local electric field enhancement
associated with the excitation of collective, plasma oscillations of free electrons in metals.*® Various
different SERS active substrates (predominantly Ag or Au) have been described in the literature,
including electrochemically roughened surfaces, lithographically patterned substrates as well as
colloidal particles of various size, shape and composition, deposited in a more or less controlled
manner. According to their enhancement factor they can be roughly categorized as “low sensitivity”
or “high sensitivity” SERS substrates.”” The latter refers usually to substrates with “hot spots”,

allowing for detection limits down to the single molecule level. However, such high sensitivity is

8
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usually achieved at the expense of signal stability, reproducibility, excessive sample heating and even
sample degradation. For this reason we decided to use a SERS substrate with a moderate sensitivity.
Using standard electron-beam lithography and lift-off we elaborated arrays of gold nano-objects with
the following nominal dimensions: length - 100 nm, width - 50 nm, height - 50 nm and period —
200/150 nm (fig. 7). A thin film (30 nm thickness) of the SCO complex [Fe(hptrz)s;](OTs), was then spin
coated on this substrate and its Raman spectra were recorded using 632.8 nm excitation, which is

close to the plasmon resonance of the substrate around 642 nm (fig. 7).
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Fig. 7 Left panel: Raman spectra (632.8 nm excitation) of [Fe(hptrz),](OTs), for the bulk powder {293 K — a, 353 K- d) and for
a thin film sample (d = 60 nm) at 293 K on two different substrates: glass substrate (b), SERS substrate (¢). The background of
the spectra was removed. Right panel: The plasmon band (642 nm) and a SEM image of the lithographically patterned Au
SERS substrate.

We have recorded Raman spectra of the deposited film both inside (fig. 7c) and outside (fig. 7b) of
the SERS active region of the substrate in otherwise identical experimental conditions. For
comparison we show also the Raman spectrum of the bulk powder (fig. 7a). The spectra of the films
are very weak, but one can clearly recognize the spectral signature of the complex. We cbserve also a
clear enhancement (ca. x10) due to the SERS substrate. In the case of the SERS spectrum we observe
a few additional Raman modes as well, which may arise from impurities and/or due to the change of
selection rules.*® For this complex, the spectral changes upon the SCO are rather subtle’ and it is
difficult to assign the thin film spectra to the HS or LS states. To further investigate this question we
have heated the film to 353 K, but no significant spectral change was observed. This suggests that the
complex is already in the HS state at 293 K, due most probably to laser-induced heating.
(Unfortunately, the very weak spectral intensity did not allow us to reduce the laser power.)

The confirmation of the SERS enhancement as well as the spin state identification for the
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[Fe(hptrz)s](OTs), system turned out rather difficult. For this reason we decided to investigate by the
SERS method thin films of the compound Fe(pz)[Pt(CN).], whose far-field Raman spectra have been
extensively studied in our group.'® For this work we developed a specific SERS substrate, which was
based on the introduction of gold nanoparticles (AuNPs) into a multilayer of the SCO film. (See fig. 51
in the Supporting Information for the schema of the assembly process.) In the first step,
benzene-1,4-dithiol was used to functionalize a gold-coated substrate by means of Au-S bonds. Then,
the AuNPs were attached to the 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(BF,),, K;Pt(CN), and
pyrazine step-by-step in order to assemble a continuous films of the SCO complex Fe(pz)[Pt(CN)a],
similar to the method described in refs. [11, 18]. On the whole 5 layers of the complex were
deposited. The AFM images of the multilayer film revealed a mean roughness around 50 nm (fig. 52),
which is close to the expected total thickness for the multilayer [Ti/Au (17 nm), 1 layer of AuNPs (18
nm), and 5 layers of the complex (5 nm]]. As one can see from the cross-section of the AFM image (fig.
S2), 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.

The bulk powder of the Fe(pz)[Pt(CN)s] complex was used to identify Raman markers of the spin
transition for three different excitation wavelengths. Previous works have shown that, for an
excitation at 632.8 nm, there are two useful markers. The first marker corresponds to the shift of a
Raman mode from 645 cm™ in the HS state to 675 cm™ in the LS state. The second marker
corresponds to the variation of the intensity ratio of two Raman modes at 1030 cm™ and 1230 cm™,
the former (latter) being more intense in the HS (LS) state. Fig. S3 shows the Raman spectra of the
bulk complex in the HS and LS states for two different excitation wavelengths. For the 532 nm
excitation wavelength, the sole clear marker is the shift of the 645 cm™ mode. In contrast to the 633
nm excitation, the intensity ratio of the two other modes at 1030 cm™ and 1230 cm™ does not change
much. For both excitation wavelengths, the LS state Raman signal is more intense than that of the HS
state. 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 (fig. 8). The Raman signature of
silicon (broad band around 950-1000 cm™) 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™ (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
benzene-1,4-dithiol (main frequencies: 629, 738, 1056, 1092 and 2560 cm™) 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™. For this reason it is very difficult to see the peaks at 645 or 675 cm™.
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). The plasmon resonance for gold nanoparticles with 18 nm of

diameter is around 520 nm (fig. 8), so the SERS effect will be higher for the green excitation (532 nm).
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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 differences between red and green excitation. The other
effect is plausibly 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 plasmon resonance.
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Fig. 8 (Top panel) The plasmon band (520 nm) and a TEM image of the Au nanoparticles used for the fabrication of SERS
substrates. (Bottom panel) Raman scattering of a Fe(pz)[Pt(CN),] film deposited on the AuNP SERS substrate. Spectra were
recorded at two different temperatures using an excitation wavelength of 632.8 nm (a) or 532 nm (b). The background of

the spectra was removed.

On the whole, the Fe(pz)[Pt(CN):] 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
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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, anchoring layers (thiols in our case) or distorted/incomplete coordination environments
around the Fe(ll) 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™. 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.
4 Conclusion

We have investigated nanometric thin films of the spin crossover complex [Fe(hptrz)s](OTs)z by means
of different optical methods. We have shown that standard transmission measurements can be very
useful to follow the SCO phenomenon in the UV spectral range, where intense CT absorption bands
occur. On the other hand, it is possible to use visible light as well, if one employs an appropriate
luminescent dopant to report on the spin state changes through the luminescence intensity
modulation. Besides a good spectral overlap between the luminophore and the SCO complex,
however, one has to control also the spatial location and the stability of the luminophore within the
SCO matrix. Alternatively, refractive index changes associated with the SCO can be also detected in
the vis-NIR spectral range by, for example, surface plasmon resonance spectroscopy. From the SPR
spectra we deduced not only the spin transition temperature, but also the thickness of the deposited
film with nanometric precision. We have used surface plasmons also to analyze, for the first time, the
composition and structure of SCO complexes in ultra-thin films via the SERS effect. On the other hand,
the temperature-dependent SERS spectra did not allow us to evidence clearly the thermal spin
crossover, probably due to excessive laser-induced heating in the regions of field enhancement.
Further studies will be necessary to clarify this question. Finally we shall note that there is certainly
also an interesting scope for complementary measurements in the infrared spectral range where the
frequency dependence of the complex permittivity should provide rich and sensitive information on
the properties of SCO thin films.
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Conclusions et perspectives - Conclusions and Peespiives

Au cours de cette thése, nous avons recherchénthese et la fonctionnalisation de
AuNPs ainsi que leurs applications dans divers dloasa

La premiére mise au point figurant dans le premepitre nous a donné I'occasion
de nous pencher sur les trés nombreuses méthodgsttiése des AuNPs en fonction
des applications souhaitées et de résumer et ratsenme bibliographie tres fournie
jusqu'a cette année et toujours en pleine croigsalicest a présent possible, en
particulier, de prédéfinir la taille et la morphgie des AuNPs ainsi que leur
habillage.

La seconde mis au point a concerné la vectorisationdocétaxel a l'aide de
'ingéniérie nanotechnologique. Etant donné lesetsfftoxiques tres séveres du
taxotére, la formulation classique du docétaxel,ndebreuses recherches ont été
menées afin de solubiliser et de vectoriser denfdaoplus appropriée possible ce
puissant medicament anti-cancer en optimisant d@getion administrée susceptible
d’atteindre sélectivement les cellules cancéreuses.recherches ont été menées afin
de metre au point de nouvelles formulations plusop@antes que celles du taxotére.
Il est remarquabe de constater que, malgré uneaeifé anti-cancéreuse au moins
équivalente et sans doute méme supérieure a celléaxbl, la formulation du
paclitaxel, les tentatives d’essais cliniques ®unduvelles formulation du docétaxel
soit aussi peut nombreuses en regard de la litérateés fournie sur les recherches
nanotechnologiques fondamentales de vectorisation.

Sur la base de ces études bibliographiques (chabjties travaux expérimentaux de
thése ont donné lieu a des synthéses et fonctisatiahs de AuNPs dans divers
secteurs et rassemblés dans les trois chapitres 2-4

D'une fagon générale, apres synthése de AuNPs sklométhode classique
biphasique de Brust-Schiffrin, la fonctionnalisati@st assurée soit par réaction
“click” entre un azoture et un alcyne terminal,tquar couplage amidique covalent
(plus classique, mais la plupart du temps de miseegivre expérimentalement plus
difficile), ou bien encore par interaction supraéwnlaire, c’est-a-dire par liaison
ionique, hydrogéne ou encapsulation dans les besnce la AuNP. Toutes ces
approches ont été réalisées dans ce travail de siadsn les besoins.

Concernant la réaction “click” dont la mise en aeugst, par définition, si facile en
chimie organique classique et moléculaire sub-nzopmique selon le concept relevant
de la chimie verte de Sharpless, I'extension auklRsia posé d’énormes difficultés
en raison de l'aggolomération rédibitoire des AuNdes trouvant au contact du
catalyseur au Cu(l). Dans le catalyseur de SharplesCu(l) est trés faiblement
ligandé, ce qui résulte de la facilité affichéentise en oeuvre a partir simplement de
sulfate de cuivre et d’ascorbate de sodium en sblegganique ou aqueux. Dans ces
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conditions, d’'une part I'ion métallique est expasédes interactions prononcées
provoquant l'agglomération extensive, d’autre padn activité catalytique est
modeste ou tres insuffisante a température ambialée nouveau catalyseur
[Cu(l)(hexabenzyltren] Br permet a la fois de pgate le Cu(l) vis-a-vis de
'aggrégation par une bonne sphere de coordinaétvadentate du ligand azoté et un
accroissement de la densité électronique sur leecenétallique conduisant a une
activité catalytique tres accrue dés la temperatumbiante. Enfin le catalyseur est
beaucoup plus facilement séparé des AuNPs gque ldagsysteme de Sharpless.
Concretement, ceci a abouti a un abaissement stedahiométrie en Cu(l) de 400%
avec le catalyseur classique de Sharpless a 10%lgmdonctionnalisations variées
avec notre catalyseur [Cu (l)(hexabenzyltren] Bumpda fonctionnalisation des
AuNPs (chapitre 2).

Concernant la fonctionalisation a l'aide du récepttlate positionné en bout de
chaine polyéthylene glycol afin d’assurer un bontact externe a I'approche des
cellules cancéreuses, le couplage amidique déjaucarété mis en oeuvre (chapitre
3).

La fonctionnalisation non covalente, supramolécealaiest extrémement utile,
d’autant qu’elle est tres facile de mise en oelpae simple contact pourvu que le
systeme moléculaire ou nanoscopique ait été auaptéacorrectement organisé.
C’est ainsi que nous avons avantageusement misfa l@s effets hydrophiles et
hydrophobes respectifs de I'intérieur de la AuNEwemilieu extérieur (solvant) pour
I'encapsulation et le transport de substrats tplks le docétaxel ou diverses vitamines
(chapitre 3).

Enfin, I'expérience du laboratoire et la n6tre pmpous a permis de varier les modes
de synthese des AuNPs en comparer la méthode eitectsynthese a partir de
HAuCl,, mais qui n’est pas compatible avec la majoritg fdections organiques et

inorganiques, avec d’autres méthodes plus élabamégs bien plus efficaces.

C’est ainsi que nous avons étudié les différentasditions d’échange de ligand
thiolates par de nouveaux ligands fonctionnelslshiaccompagné par le transfert de
'atome d’hydrogéne acide du ligand rentrant vershiolate sortant. Cette méthode
mise au point a la fin des années 1990 par Murragtéa souvent utilisée ici.
Cependant, une méthode plus originale que cett@édera été recherchée en raison
du caractere limité des possibilités de la réaafiéshange de ligands de Murray.

Ainsi, les ligands “click”, c’est-a-dire 1,2,3-tdales ont été directement introduits sur
les AuNPs par synthése directe, et les nouvelleBlPsuont été complétement
caractérisées. Elles sont stables dans I'eau asdidands triazole-polyéthylene
glycol, et elles peuvent facilement échanger rapetg tous leurs ligands avec des
ligands thiolate fonctionnels ou un mélange en grtipn precise de tels ligands
fonctionnels.
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Ces nouvelles AuNPs tres originales comportanhtesreaux ligands 1,2,3-triazoles,
de par leurs propriétés de stabilité et de labd#s ligands triazoles, possedent des
possibilités d’applications variées en tant quaaas, comme nous I'avons démontré
grace a la variation de I'absorption plasmoniquecalATP et la vitamine C dans
I'eau, et probablement en catalyse d’oxydationpless de leurs propriétés trés utiles
de substitution de ligands pour les synthesesliesgophistiquées (chapitre 3).

Lintroduction de complexes du Fe(ll) & transitida spin constitue un exemple de
synthése de nanomatériaux. Cette collaboration raniped I'équipe d’Azzedine
Bousseksou d’envisager I'étude de la transitiosple entre les complexes a bas spin
(zero) et haut spin (deux) en particulier par lahnde SERS (spectroscopie Raman
exacerbée par le champ au voisinage immediate déd$P#). La décroissance
exponentielle de cet effet Raman au fOr et a medarééloignement de la surface
implique que les centres Fe(ll) soient extrémenpeathes de cette surface, ce que
nous avons probablement sous-estimé dans une pecaypproche. Cependant, le
travail d’ensemble du groupe toulousain sur ceri@tx a récemment permis de
soumettre un article en collaboration pour pubiaaf{chapitre 4).

Au bilan, notre thése a permis des avancées damsséau point des connaissances
actuelles sur la synthése des AuNPs et la vectimmisdu docétaxel et, sur le plan
experimental, de faire avancer de facon conséqu@mgéniérie d’élaboration et de
fonctionnalisation des AuNPs, et ainsi douvrir d®uvelles utilisations et
d’applications potentielles des AuNPs dans les dioesade la nanomédecine et des
nanomatériaux.
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English
In this thesis, we investigated the synthesis amgtfonalization of AUNPs and their
applications in various fields.

The first development in chapter 1 figure out trevelopment has given us the
opportunity to reflect on many methods for the bgsis of AUNPs according to
desired applications and compile a summary ofditees until this year and still
growing. It is now possible, in particular, to pefide the size and morphology of
AUNPs.

The second development contained the vectorizatbndocetaxel using the
nanotechnology engineering. Due to the severe teffects of taxotere, the classic
formulation of docetaxel, a lot of investigatiorevk been conducted to solubilize and
vectorizing of docetaxel, which was considered ¢otlbe most appropriate way to
deliver this powerful anti-cancer drug to cancdrisc& his research was conducted to
developed new formulations more efficiency tharotare. It is remarkable noted that,
the anti-cancer efficacy of docetaxel at least \mjant and probably even greater
than that of Taxol, the paclitaxel formulation. Hower, a lot of literatures still attempt
to investigate new formulations of docetaxel imiclal trials, which provided a basic
nanotechnology research on vectorization.

Based on these literature reviews (Chapter 1)edperimental works led to synthesis
and functionalization of AuNPs in different areasl @athered in the three chapter 2-4.

Generally, after synthesis of AuNPs using the traial two phase Brust-Schiffrin
method, the functionalization reaction is carried loy "click" between an azide and a
terminal alkyne, or by covalent amide linkage (moligssical, but always difficult in
experiment), or alternatively by supramoleculaeiattion, that is to say by ionic
bond, hydrogen or encapsulation in the branch&dJiP. All these approaches have
been made in this thesis as required.

The "click" reaction is easily implemented in claaé organic chemistry and
sub-nanoscopic molecular chemistry under the cdnoépgreen chemistry by
Sharpless. The extension of AuNPs has posed emsrrdificulties due to the
aggolomeration of AuNPs being contact with the lgataCu (I). In the Sharpless
catalyst, Cu (I) is very weak liganded, easily gated from the copper sulfate and
sodium ascorbate in aqueous or organic solventettingse conditions, the metal ion
exposing to the interactions caused extensive aggiation or AUNPs, on the other
hand, its catalytic activity is modest or very padrroom temperature. The new
catalyst [Cu () (hexabenzyltren] Br allows both pootect the Cu (I) from the
aggregation by a good coordination sphere of th@dentate ligand nitrogen and
increase in electron density on the metal centaditg to an increased catalytic
activity at room temperature. Finally the cataligseasily separated from the AuNPs
than that of the Sharpless system. In practice, tbsulted in a decreasing of the
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stoichiometry of Cu (I) 400 % with the conventiorzatalyst Sharpless to 10% for
various functionalizations with our catalyst [Cy (hexabenzyltren] Br for the
functionalization of AUNPs (Chapter 2).

Concerning the folate functionalization of gold aparticles, the already known
amide coupling was used to introduce the folateeptar at the termini of
polyethylene glycol chain on gold nanoparticlesaiget the cancer cells. (Chapter 3)

The non covalent functionalization, supramolecuigrextremely useful, especially
since it is very easy to prepare. The provided sempic or molecular system has
been properly organized in advance. Thus we hawandgeously used the
hydrophilic and hydrophobic effects related to #eNP inside and the outside
environment (solvent), respectively, for encapsoiaaind transportation of substrates
as docetaxel or various vitamins (Chapter 3).

Finally, laboratory experience and our own knowkedfjowed us to vary the methods
of synthesis of AUNPs compared with the direct Isgats from HAuCl4. However, it
is not compatible with the majority of organic andrganic functions, but compared
with other more sophisticated methods, it is mudnareffective.

Thus, we studied the different conditions of thieldigand exchange with new
functional thiol ligands, accompanied by the transif the acidic hydrogen atom in
ligand returning to the leaving thiolate. This nutldeveloped in the end of 1990s by
Murray was commonly used here. However, a mordraignethod was investigated
due to the limited possibilities of the Murray’gdind exchange reaction.

Thus, the ligands "click", 1,2,3-triazoles wereedity introduced into the AuNPs by
direct synthesis, and new AuNPs were fully charactd. They are stable in water
with polyethylene glycol-triazole ligands, and ceasily substitute all their ligands
rapidly with thiolate ligands or with mixed thiokaligands in precise proportion .

These very original AUNPs with the new ligands 3-f2ilazoles have various potential
applications as sensors (due to the variation @fplasmon absorption with ATP and
vitamin C in water) and probably in oxidation cg&$. In addition, their useful
properties on ligand substitution could be invetg in more sophisticated syntheses
(Chapter 3).

The introduction of complexes of Fe (ll) spin traog is an example of synthesis of
nanomaterials. This work collaborated with Azzed#dmisseksou’s group was aim to
study the spin transition between low-spin comp{earo) and high spin (two) in

particular by the SERS method (detected by Ramaectsyscopy field in the

immediate vicinity of AuNPs). The exponential deaafythe Raman effect as and
when the distance from the surface implies thatFibé€ll) are extremely close to the
surface, what we have probably underestimated enfitet approach. However, the
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overall work of the band from Toulouse on theseeamalis has recently allowed us to
submit an article for publication in collaborati@hapter 4).

In sum, our thesis has led to advances in the dpaent of current knowledge on the
synthesis of AuNPs and the vectorization of doadtaXhus, the engineering of
AuNPs on development and functionalization openew mitilization and potential
application of AUNPs in nanomedicine and nanomaltefields.
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