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ABSTRACT 

 
Carbon nanotubes (CNTs) are a new form of carbon discovered in the ’50/’60, but 

described at the atomic level only in 1991 by Iijima. CNTs are constituted by one or more 

rolled up graphene sheets and they can be classified in single-walled carbon nanotubes 

(SWCNTs) or multi-walled carbon nanotubes (MWCNTs). The peculiar properties of CNTs, 

characterized by their physical, chemical and mechanical properties, by their thermic 

conductivity and their large aspect ratio, rendered this material a promising candidate in 

several research fields, such as material science and nanotechnology. Recently, it has 

been discovered that CNTs have the ability to be uptaken by different types of human 

cells with a typical non-energy dependent mechanism called “nanoneedle”. This new 

property rendered CNTs a promising candidate as a vector for drugs. 

In this context, during my thesis I focused on the functionalization of carbon nanotubes 

bearing cationic moieties, in order to study their ability to complex the genetic material 

for a potential gene therapy. In the first part of the thesis MWCNTs were functionalized 

with different cationic dendrons and their capability to interact with plasmid DNA and 

siRNA (small interfering RNA) was evaluated. In the second part of the thesis, I focused 

on the functionalization of MWCNTs with a targeting peptide for mitochondria and the 

consequent possibility to use these conjugates as gene delivery system in mitochondrial 

diseases. 

Initially, a library of compounds with a ramified structure was synthesized. Dendrons of 

zero, first and second generation were obtained, bearing at their termini ammonium or 

guanidinium moieties, for the interaction with the genetic material. Two groups of 

dendrons were synthesized with two different functions at their core: i) an amine or ii) an 

azide. This was realized in order to have the possibility to link the dendrons to CNTs, 

exploiting two covalent approaches, the amidation reaction or the “click” reaction, 

respectively. In parallel a non-covalent approach was also investigated, coupling by 

“click” reaction a dendron of first generation to a pyrene bearing an acetylenic group. 

The resulting molecule was then adsorbed on the surface of MWCNTs, exploiting the 

known ability of pyrene to interact with nanotubes through “!-! stacking”. 

The conjugates obtained in this way were characterized by complementary techniques, 

such as thermogravimetric analysis, Kaiser test and transmission electron microscopy, 

allowing in this way to assess the degree of functionalization of CNTs and to observe 

their morphology. The ability of these conjugates to complex plasmid DNA and siRNA was 

studied through agarose gel electrophoresis using different charge ratios of genetic 

material and cationic CNTs. Preliminary cellular studies on guanidinium derivatives, to 



ABSTRACT !
!

!"!

evaluate the effective ability of the conjugates to be internalized into human cancer cells 

(A549 cells), were performed in collaboration with Prof. K. Kostarelos and Dr. K. T. Al-

Jamal in London. Further studies are currently under development to determine the 

aptitude of the derivatives to carry and deliver siRNA inside cells. The efficient gene 

silencing and the eventual cytotoxic effects of MWCNTs conjugates will be also studied 

into human cells. 

In the second part of the thesis, we focused on the development of a new gene delivery 

system able to direct the genetic material inside mitochondria, for a possible treatment 

of genetic diseases caused by mutation in the mitochondrial genome. To this purpose 

MWCNTs were functionalized with a targeting peptide (mitochondrial target sequence 

peptide, MTS) able to direct CNTs into mitochondria. The effective internalization of the 

material inside macrophages (RAW 264.7) and human cancer cells (HeLa cells) and their 

subcellular localization were studied through different microscopic techniques. Using 

confocal microscopy it was possible to observe a co-localization of CNTs and 

mitochondria, then confirmed also by TEM images. This latter technique permitted also to 

evaluate the possible mechanism used to internalize CNTs: i) “nanoneedle” mechanism 

and ii) phagocytosis (for macrophages) or endocytosis (for HeLa cells). 

In order to shed further light on the ability of CNTs to interact with mitochondria, 

nanotubes were double functionalized with the targeting peptide MTS and with a 

mitochondrial toxic peptide, called sVpr. The toxic effects of this material, in comparison 

with CNTs functionalized just with the toxic peptide, were studied on isolated 

mitochondria. The internalization of different conjugates into isolated mitochondria was 

then analysed by TEM. This work has been performed in collaboration with Prof. P. 

Bernardi (Università degli Studi di Padova). 

In order to obtain a system able to complex DNA, a double functionalization of CNTs was 

developed, coupling to the carbon material the targeting peptide MTS and a dendron, for 

the complexation of genetic material. The ability of this conjugate to interact with 

plasmid DNA was then verified through agarose gel electrophoresis, revealing its 

potentiality as efficient gene delivery system. 

In conclusion, in this work MWCNTs were functionalized with cationic dendrons, showing 

their ability to interact with the genetic material. Moreover when incubated into cells, the 

aptitude of MWCNTs, functionalized with a targeting peptide, to be directed in the 

proximity of mitochondria and to localize in their interior was demonstrated using 

different microscopic techniques. These results show the potentiality of this material in 

the field of nanomedicine, resulting a promising vector in gene therapy. 
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RIASSUNTO 

 
I nanotubi di carbonio (CNTs) sono una nuova forma allotropica del carbonio, scoperti 

negli anni ’50-’60, ma descritti a livello atomico solo nel 1991 da Iijima. Sono costituiti 

da uno o più fogli di grafene arrotolati e possono essere quindi classificati in nanotubi a 

parete singola (single-walled carbon nanotubes, SWCNTs) o a parete multipla (multi-

walled carbon nanotubes, MWCNTs). Le peculiari proprietà dei nanotubi (fisiche, chimiche 

e meccaniche), la loro conduttività termica e la loro natura strutturale hanno reso questo 

materiale un promettente candidato in vari campi di ricerca, come le scienze dei materiali 

e le nanotecnologie. Recentemente è stato scoperto che i CNTs hanno la capacità di 

essere internalizzati da parte di vari tipi di cellule umane con un particolare meccanismo 

chiamato “nanoneedle”, che non richiede energia da parte delle cellule. Questa nuova 

proprietà ha reso i CNTs promettenti candidati quali vettori di farmaci. 

In questo contesto, durante questo lavoro di tesi ci siamo concentrati sulla 

funzionalizzazione di nanotubi di carbonio recanti gruppi cationici per studiare la loro 

capacità di complessare il materiale genetico per una potenziale terapia genica. Nella 

prima parte della tesi, nanotubi a pareti multipla sono stati funzionalizzati con diversi 

dendroni cationici e la loro capacità di interagire con il DNA plasmidico e l’siRNA (small 

interfering RNA) è stata valutata. Nella seconda parte della tesi, ci siamo invece 

focalizzati sulla funzionalizzazione di MWCNTs con un peptide di targeting per i 

mitocondri e sulla conseguente possibilità di utilizzare questi coniugati come sistemi di 

rilascio genico nelle malattie mitocondriali. 

Inizialmente è stata sintetizzata una libreria di composti a struttura ramificata. Sono stati 

ottenuti dendroni di diverse generazioni (zero, uno e due) recanti sulle porzioni terminali 

gruppi ammonio o guanidinio, atti all’interazione con il materiale genetico. Sono stati 

sintetizzati due gruppi di dendroni recanti nel loro core due funzioni diverse: i) 

un’ammina o ii) un’azide, per poter legare i dendroni ai nanotubi sfruttando due approcci 

covalenti diversi, ovvero la reazione di amidazione e la reazione “click”. In parallelo è 

stato investigato anche un approccio non-covalente, legando tramite reazione “click” un 

dendrone di prima generazione a un pirene funzionalizzato con un gruppo acetilenico. La 

molecola risultante è stata poi fatta adsorbire sulla superficie dei MWCNTs, sfruttando la 

nota capacità del pirene di interagire con i nanotubi tramite “!-! stacking”. 

I coniugati così ottenuti sono stati caratterizzati tramite tecniche complementari, come 

l’analisi termogravimetrica, il test di Kaiser e la microscopia a trasmissione elettronica, 

permettendoci in questo modo di valutare il grado di funzionalizzazione dei CNTs e di 

osservarne la morfologia. L’abilità di questi coniugati a complessare il DNA plasmidico e 
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l’siRNA è stata studiata tramite elettroforesi su gel di agarosio, utilizzando diversi 

rapporti di carica tra materiale genetico e nanotubi carichi positivamente. In 

collaborazione con il gruppo del Prof. K. Kostarelos e della Dr. K. T. Al-Jamal a Londra, 

sono stati effettuati studi cellulari preliminari condotti sui derivati recanti gruppi 

guanidinio, per valutare l’effettiva capacità dei coniugati di essere internalizzati in cellule 

umane tumorali (cellule A549). Ulteriori studi sono ora in corso per determinare 

l’attitudine dei derivati a trasportare e rilasciare l’siRNA all’interno di sistemi cellulari. 

L’effettivo silenziamento genico e gli eventuali effetti tossici dei coniugati verranno 

successivamente analizzati. 

Nella seconda parte della tesi, ci siamo concentrati sullo sviluppo di un nuovo sistema di 

rilascio genico capace di dirigere il materiale d’interesse all’interno dei mitocondri, per un 

possibile trattamento di malattie genetiche legate a mutazioni presenti nel genoma 

mitocondriale. A questo scopo nanotubi di carbonio a parete multipla sono stati 

funzionalizzati con un peptide di targeting (mitochondrial target sequence peptide, MTS) 

capace di indirizzare i CNTs nei mitocondri. L’effettiva internalizzazione del materiale 

all’interno di macrofagi (RAW 264.7) e di cellule tumorali umane (cellule HeLa) e la loro 

localizzazione subcellulare è stata studiata utilizzando differenti tecniche microscopiche. 

Tramite la microscopia confocale è stato possibile osservare una co-localizzazione di 

nanotubi e mitocondri, confermata anche tramite immagini TEM. Queste ultime hanno 

anche permesso di valutare i possibili meccanismi utilizzati per l’internalizzazione dei 

nanotubi: i) il meccanismo di “nanoneedle” e ii) la fagocitosi (per i macrofagi) o 

l’endocitosi (per le cellule HeLa). 

Per stabilire più approfonditamente la capacità d’interazione dei CNTs con i mitocondri, i 

nanotubi sono stati doppiamente funzionalizzati con il peptide MTS e con un peptide 

tossico mitocondriale, chiamato sVpr. Si sono quindi studiati su mitocondri isolati gli 

effetti tossici di questo materiale e i risultati sono stati confrontati con quelli ottenuti da 

CNTs funzionalizzati col solo peptide tossico. L’internalizzazione dei diversi composti nei 

mitocondri isolati è stata poi analizzata tramite TEM. Questo lavoro è stato condotto in 

collaborazione con il gruppo del Prof. P. Bernardi (Università degli Studi di Padova).  

Al fine di ottenere un sistema capace di complessare il DNA, è stata sviluppata anche una 

doppia funzionalizzazione dei nanotubi, legando al materiale carbonioso sia il peptide di 

“targeting”, sia un dendrone in grado di complessare il materiale genetico. L’abilità di 

questo coniugato di interagire con il DNA plasmidico è stata poi verificata tramite 

elettroforesi su gel di agarosio, rivelando la sua potenzialità come efficiente sistema di 

rilascio genico. 

In conclusione, nel corso di questo lavoro di tesi sono stati funzionalizzati nanotubi di 

carbonio a parete multipla con dendroni cationici, dimostrando poi la loro abilità a 
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interagire con il materiale genetico. Inoltre, dopo aver evidenziato la possibile 

internalizzazione di questi costrutti nelle cellule, utilizzando varie tecniche microscopiche, 

è stata anche dimostrata la capacità dei MWCNTs funzionalizzati con MTS di dirigersi in 

prossimità dei mitocondri e a localizzarsi al loro interno. Questi risultati dimostrano la 

potenzialità di questo materiale nel campo della nanomedicina, in modo particolare quale 

promettente vettore nella terapia genica. !
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RÉSUMÉ DE THÈSE 
 

I. Introduction 

 

Les nanotubes de carbone (CNTs) sont une nouvelle forme allotropique du carbone telle 

que le graphite, le diamant et les fullerènes. Ils ont été découverts dans les années 

1950/1960,1 mais décrits pour la première fois à l’échelle atomique en 1991 par Iijima.2 

La structure des CNTs peut être représentée comme un ou plusieurs feuillets de 

graphène enroulés sur eux-mêmes pour former un cylindre fermé ou ouvert aux 

extrémités. Selon qu’ils soient arrangés en un seul cylindre de graphène ou plusieurs 

cylindres concentriques, ils dont définis comme nanotubes à paroi simple (SWCNTs pour 

Single-Walled Carbon Nanotubes) ou à parois multiples (MWCNTs pour Multi-Walled 

Carbon Nanotubes) (Fig. 1). 

 
Figure 1: Images au microscope électronique en transmission (A) et représentation schématique (B) des 
nanotubes de carbone à simple paroi (en haut) et à parois multiples (en bas). 

La combinaison des propriétés mécaniques, thermiques et électroniques des nanotubes 

de carbone a permis leur exploitation dans les domaines de la science des matériaux et 

des nanotechnologies. 

Récemment, il a été découvert que les CNTs ont la capacité de traverser la membrane 

cellulaire par un mécanisme énergétiquement indépendant appelé “nanoaiguille”.3 Depuis 

cette découverte, la possibilité d’utiliser les CNTs comme véhicules pour le transport des 

médicaments a attiré un grand intérêt dans le domaine de la nanomédecine. Il a été 

démontré que ce matériau a la capacité de complexer du matériel génétique (comme 

l’ADN plasmidique ou les petits ARN interférents, pARNi) et de le transfecter in vitro4 et 

in vivo.5 

Le plus grand problème dans la manipulation des nanotubes, en particulier pour des 

applications biomédicales, est leur faible solubilité dans les milieux aqueux. Cet obstacle 
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peut être dépassé par la fonctionnalisation de la surface des nanotubes. Les approches 

possibles peuvent être classées en deux catégories : 

- Fonctionnalisation covalente avec différentes molécules organiques via des 

réactions sur la surface ou sur les extrémités des nanotubes.6 

- Fonctionnalisation non-covalente de la surface des nanotubes via des forces de 

van der Waals, des interactions hydrophobes ou des interactions de type “! 

stacking”.7 

Récemment la multifonctionnalisation des nanotubes de carbone s’est avéré être une 

approche prometteuse pour lier aux CNTs des molécules avec différents caractéristiques. 

Par exemple, la liaison aux nanotubes d’un médicament et d’une molécule de ciblage 

permet la délivrance du médicament seulement dans les cellules ou l’organe désiré, en 

empêchant des effets indésirables in vivo dûs à la présence du médicament dans les 

organes sains.  

Dans ce contexte, mon projet de doctorat a pour objectif de développer des conjugués 

cationiques à base de nanotubes de carbone qui ont la capacité de complexer 

efficacement le matériel génétique et de le transférer dans les cellules, en particulier au 

niveau des mitochondries. 

 

II. Fonctionnalisation des MWCNTs avec des dendrons 

 

Il a déjà été démontré que les CNTs chargés positivement peuvent complexer l’ADN 

chargé négativement,# mais un système de vectorisation à base de CNTs capable de 

délivrer l’ADN et le pARNi n’a pas encore été optimisé. Des dérivés à structure 

dendritique ont révélé être des candidats prometteurs grâce au grand nombre de 

fonctions chargées positivement. 8  Pour cette raison, une librairie de conjugués à 

structure dendritique de zéro, première et deuxième génération a été synthétisée portant 

à leur extrémité des groupes ammonium ou guanidinium. Afin d’avoir un site de liaison 

avec les nanotubes, une fonction amine ou un azide a été introduit au cœur des 

dendrons. 

La première étape de la fonctionnalisation des MWCNTs consiste en une oxydation en 

milieu acide sous l’effet des ultrasons, pour raccourcir les nanotubes et introduire des 

fonctions carboxyliques principalement sur les pointes des CNTs. Cette procédure nous a 

permis d’obtenir un matériel plus soluble dans les milieux aqueux, ce qui est 

indispensable pour permettre de possibles applications biomédicales. 

Nous avons ensuite couplé de façon covalente les dendrons aux MWCNTs via deux 

approches: par amidation sur les pointes des nanotubes (Fig. 2), ou par une réaction 

“click” catalysée par du cuivre (Fig. 3), respectivement. Dans ce dernier cas, nous avons 
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dû introduire un bras espaceur sur les nanotubes portant un groupe acétylénique, 

nécessaire pour la réaction “click”. 

 
Figure 2: Conjugués synthétisés par amidation avec une structure dendritique de zéro, de première et de 
deuxième génération portant en position terminale des fonctions ammonium (en haut) ou guanidinium (en 
bas). 

 

 
Figure 3: Conjugués synthétisés par réaction “click” avec une structure dendritique de première et de 
deuxième génération portant en position terminale des fonctions guanidinium. 

Une approche non-covalente a été aussi étudiée, en exploitant la capacité des molécules 

à base de pyrène d’interagir via des interactions de type “! stacking” avec la surface des 

CNTs. Un dérivé du pyrène portant une fonction acétylène a été préparé puis couplé avec 

un dendron de première génération, portant à son extrémité des groupes guanidinium. 

Après la purification du conjugué désiré, son adsorption sur la surface des CNTs a été 

effectuée, en utilisant deux types différents de MWCNTs, un plus court et avec un 

diamètre plus élevé (acheté auprès de la société NanoAmor), l’autre plus long et fin 

(acheté auprès de la société Nanocyl) (Fig. 4). 
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Figure 4: Conjugués fonctionnalisés par une approche non-covalente via des interactions de type “! stacking” 
avec une molécule dendritique à base de pyrène. 

Tous les nanotubes fonctionnalisés avec les dendrons et leurs intermédiaires ont été 

caractérisés par le test de Kaiser et par analyse thermogravimétrique, pour s’assurer de 

la dérivatisation des fonctions amines et pour déterminer le degré de fonctionnalisation 

des nanotubes après chaque étape. Les nanotubes ont été caractérisés par microscopie 

électronique à transmission (TEM) pour observer la morphologie du matériel. 

Un gel d’électrophorèse a été effectué pour évaluer la capacité des conjugués à former 

des complexes avec du matériel génétique, soit de l’ADN plasmidique, soit du pARNi, 

avec différents rapports de charge du matériel génétique et des nanotubes cationiques. 

Nous avons constaté que les conjugués synthétisés par amidation portant des fonctions 

amines en position terminale sont capables de complexer plus efficacement le matériel 

génétique que les conjugués portant des groupes guanidinium. Nous avons de plus 

observé que les nanotubes dérivatisés par la réaction “click” ont des difficultés à interagir 

avec le pARNi. Les nanotubes fonctionnalisés avec le conjugué dendron-pyrène ont 

montré une capacité à complexer le pARNi comparable à celle des nanotubes 

fonctionnalisés par amidation avec le même dendron. Des résultats similaires ont donc 

été obtenus que l’approche soit covalente ou non. De plus, nous n’avons pas observé de 

différence significative entre les deux types de nanotubes utilisés pour l’interaction avec 

le pyrène puisque les deux conjugués montrent une bonne complexation avec l’ADN. 

Des études de transfert dans les cellules et l’évaluation de l’activité biologique des 

conjugués ramifiés sont actuellement en cours, en collaboration avec les groupes du Prof. 

K. Kostarelos et du Dr. K. T. Al-Jamal à Londres. 

Des études cellulaires préliminaires ont été conduites par incubation des conjugués à 

base de nanotubes avec des cellules de cancer du poumon (A549) pour étudier leur 

capacité à interagir avec les cellules et à être internalisés. Les MWCNTs derivatisés avec 

les dendrons portant à leur extrémité des groupes guanidinium ont été incubés pendant 

24 heures avec les cellules A549. La présence des nanotubes à l’intérieur des cellules a 

N
H

N

NH

H
N

NH2
H2N

H2N
NH2

O

N
N

N

Cl

Cl

C20 - NanoAmor
C21 - Nanocyl



RÉSUMÉ DE THÈSE 

   !!
!

!"#!

été évaluée par microscopie optique. Les images ont révélé que les conjugués sont 

internalisés, en particulier les conjugués fonctionnalisés par la réaction “click”, 

probablement dû à leur plus grande dispersabilité dans les milieux aqueux en 

comparaison avec les autres conjugués. 

 

III. MWCNTs fonctionnalisés pour cibler les mitochondries 

 

Dans les cellules eucaryotes, les mitochondries ont pour rôle de produire l’énergie 

indispensable pour la cellule pour survivre. La caractéristique particulière de ces 

organites est qu’ils possèdent à l’intérieur leur propre ADN, appelé génome mitochondrial 

(ADNmt). Comme pour l’ADN, l’ADNmt peut également subir des dommages qui peuvent 

conduire à des maladies génétiques comme la maladie de Parkinson, la maladie 

d’Alzheimer ou certaines formes de cancer. 

Jusqu’à présent, peu de travaux9 ont montré la capacité des CNTs à entrer dans les 

mitochondries, mais sans la volonté de cibler spécifiquement ces organites. Dans ce 

projet, les nanotubes de carbone ont été fonctionnalisés avec un peptide ayant la 

capacité de cibler les mitochondries. L’aptitude des conjugués à se localiser à l’intérieur 

des organites a été vérifiée par des études au microscope à épifluorescence, au 

microscope confocal et par TEM. 

Le peptide de ciblage que l’on a choisi est un peptide déjà décrit dans la littérature, 

appelé séquence de ciblage mitochondrial (MTS, “mitochondrial targeting sequence 

peptide”)10 et constitué d’une séquence de 25 acides aminés. Il a été modifié sur la partie 

N-terminale avec une molécule de rhodamine comme sonde fluorescente pour les études 

cellulaires et sur la partie C-terminale avec une cystéine pour introduire une fonction 

capable de réagir avec les nanotubes (i.e. le groupement SH de la cystéine). 

La première étape de la synthèse des conjugués avec le peptide de ciblage a consisté en 

la fonctionnalisation des MWCNTs oxydés par une réaction de cycloaddition 1,3-dipolaire 

en présence d’ylures d’azométhine. Cette réaction permet d’introduire sur la paroi des 

nanotubes des cycles pyrrolidines portant une chaîne triéthylèneglycol (TEG) possédant 

une amine terminale. La fonction amine a ensuite été dérivatisée avec un cycle 

maléimide, capable de réagir sélectivement avec la fonction thiol présente sur la cystéine 

C-terminale du peptide de ciblage (MTS). Avec cette procédure nous avons obtenu le 

conjugué final portant le peptide de ciblage C26 (Schéma 1). 
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Schéma 1: Synthèse du conjugué fonctionnalisé avec le peptide de ciblage MTS. 

La présence du peptide sur les nanotubes a été confirmée par spectroscopie de 

fluorescence et le taux de fonctionnalisation a été déterminé par analyse 

thermogravimétrique. 

L’aptitude de ce conjugué à se localiser dans les mitochondries a été étudiée par 

microscopie confocale et par TEM (Fig. 5). Des macrophages et des cellules HeLa ont été 

traités avec le conjugué C26 et incubés pendant 24 ou 48 heures à différentes 

concentrations. Les cellules ont ensuite été analysées par microscopie confocale où l’on a 

pu observer une co-localisation des nanotubes et des mitochondries à l’intérieur des 

cellules (Fig. 5A). Sur la base de ces résultats, nous avons étudié en détail la localisation 

cellulaire du conjugué par TEM. Cette technique nous a permis de constater que deux 

mécanismes d’internalisation cellulaire sont utilisés par les nanotubes pour entrer dans 

les cellules : l’endocytose et le mécanisme dit de “nanoaiguille” (Fig. 5B). De plus nous 

avons pu observer la capacité des nanotubes de se localiser à proximité des 

mitochondries (Fig. 5C), mais aussi à l’intérieur (Fig. 5D). 
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Figure 5: (A) Image de microscopie confocale des macrophages après 24 heures d’incubation avec les 
nanotubes portant le peptide de ciblage MTS C26. La membrane cellulaire est marquée en bleu, les 
mitochondries en vert et les CNTs en rouge. La coloration jaune révèle une co-localisation des mitochondries et 
des CNTs. (B-C-D) Images TEM de cellules HeLa après 24 heures d’incubation avec les nanotubes portant le 
peptide de ciblage MTS C26 (Echelle = 100 nm). 

Afin d’étudier la capacité des nanotubes de carbone à complexer le matériel génétique et 

aussi à cibler les mitochondries, un nouveau système de délivrance génétique a été 

conçu à base de nanotubes de carbone doublement fonctionnalisés. Les nanotubes avec 

le groupe maléimide ont été fonctionnalisés par une réaction d’amidation des groupes 

carboxyliques sur les pointes des CNTs avec un dendron de deuxième génération portant 

à son extrémité des groupes ammonium, convertis par la suite en groupes guanidinium 

C35. Le peptide de ciblage mitochondrial a ensuite été lié aux nanotubes par une 

réaction sélective entre le maléimide des CNTs et la cystéine du peptide (Schéma 2). 

 
Schéma 2: Synthèse du conjugué doublement fonctionnalisé avec le dendron de deuxième génération et avec 
le peptide de ciblage MTS. 
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Les nanotubes ainsi obtenus ont été caractérisés par le test de Kaiser et par analyse 

thermogravimétrique pour évaluer la fonctionnalisation des nanotubes après chaque 

étape. La morphologie des nanotubes fonctionnalisés a été observée au TEM. 

L’aptitude de ce conjugué à former des complexes avec l’ADN plasmidique, en 

comparaison avec les nanotubes C26 portant par un groupement ammonium linéaire, a 

été évaluée par gel d’électrophorèse, en utilisant différents rapports de charge du 

matériel génétique et des nanotubes fonctionnalisés. Le conjugué portant le dendron 

complexe bien le matériel génétique tandis que le conjugué linéaire a montré une 

difficulté à interagir avec l’ADN, également pour des rapports de charge élevés. 

En parallèle, afin de mieux démontrer l’efficacité du peptide de ciblage à diriger les 

nanotubes dans les mitochondries et afin d’évaluer l’activité mitochondriale en présence 

des CNTs, les nanotubes ont été doublement fonctionnalisés de façon covalente avec 

deux peptides différents: le peptide de ciblage MTS et le peptide sVpr qui possède une 

toxicité mitochondriale.11 

Pour introduire les deux peptides, le groupe maléimide du conjugué C25 a été 

fonctionnalisé dans un premier temps avec le peptide toxique sVpr (C29) et après avec 

le peptide de ciblage MTS (C30) (Schéma 3). Les nanotubes ont été ensuite caractérisés 

par analyse thermogravimétrique pour évaluer le degré de fonctionnalisation et par TEM 

pour observer la morphologie du matériel. 

 
Schéma 3: Synthèse du conjugué doublement fonctionnalisé avec le peptide toxique sVpr et avec le peptide de 
ciblage MTS. 

La toxicité du peptide sVpr est dûe à ses interactions avec le pore de transition de 
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la cellule. Pour cette raison, nous avons étudié l’effet que les conjugués portant le 

peptide sVpr ont sur le PTP. Ce travail a été conduit en collaboration avec le groupe du 

Prof. P. Bernardi à Padoue (Italie). Les résultats préliminaires effectués sur des 

mitochondries isolées ont mis en évidence une augmentation de la toxicité du conjugué 

portant les deux peptides en comparaison avec le conjugué fonctionnalisé avec 

seulement le peptide toxique. Ces résultats suggèrent que la présence du peptide de 

ciblage dans le conjugué C30 à permis une plus forte interaction avec les mitochondries, 

comme prévu. 

 

IV. Conclusion 

 

Dans ce travail de thèse je me suis intéressée à la fonctionnalisation des nanotubes de 

carbone portant des charges cationiques avec pour objectif d’étudier l’aptitude des 

nanotubes à complexer des acides nucléiques pour obtenir un système de délivrance 

génétique. 

Nous avons synthétisé une librairie de conjugués à structure dendritique portant à leur 

extrémité des groupes ammonium ou guanidinium. Les différents dendrons obtenus ont 

été couplés aux MWCNTs en utilisant plusieurs approches, par amidation, par une 

réaction “click” ou via des interactions non-covalentes avec la surface des nanotubes. 

L’aptitude des nanotubes à complexer des acides nucléiques a été évaluée par 

électrophorèse en gel d’agarose et des études préliminaires conduites sur des cellules 

A549 ont montré la capacité des nanotubes portant des fonctions guanidinium à interagir 

avec les cellules et à être internalisés. Des études supplémentaires pour évaluer le 

transfert génétique et l’activité biologique des nanotubes portant les dendrons sont en 

cours avec les laboratoires du Prof. K. Kostarelos et Dr. K. T. Al-Jamal à Londres. 

En outre, nous avons synthétisé et caractérisé des MWCNTs fonctionnalisés avec un 

peptide ciblant les mitochondries (MTS). En utilisant des techniques microscopiques nous 

avons constaté la présence des nanotubes à l’intérieur des mitochondries, après 

incubation pendant 24 ou 48 heures avec des macrophages et des cellules HeLa. Pour 

obtenir un système de délivrance génétique capable de complexer l’ADN et aussi cibler 

les mitochondries, nous avons doublement fonctionnalisé les CNTs avec un dendron de 

deuxième génération et avec le peptide de ciblage MTS et la capacité de ce conjugué à 

complexer l’ADN a été confirmé par électrophorèse en gel d’agarose. Au final nous avons 

fonctionnalisé et caractérisé des nanotubes avec deux peptides, un peptide de ciblage 

(MTS) et un peptide toxique pour les mitochondries (sVpr), afin de mieux étudier l’effet 

du peptide de ciblage. En collaboration avec le groupe du Prof. P. Bernardi à Padoue 

(Italie), les nanotubes portant les deux peptides ou seulement le peptide toxique ont été 
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incubés avec des mitochondries isolées pour évaluer leur effet toxique. Les résultats 

préliminaires ont révélé une plus haute toxicité des nanotubes doublement 

fonctionnalisés, probablement dûe à la présence du peptide de ciblage. Des études 

supplémentaires sont en cours pour confirmer les résultats obtenus. 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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CHAPTER I 
 

I.1 Introduction 

 

Carbon exists in nature in three different allotropic forms: amorphous carbon, graphite 

and diamond. With the discovery of fullerene (C60) in 1985,1 a large family of others 

carbon based materials have been discovered and these new carbon nanostructures 

obtained great interest in the field of nanotechnology. The more investigated new forms 

of carbon are C60, carbon nanotubes2 and graphene3 (Fig. I.1). 

 
Figure I.1: Molecular structure of six forms of carbon: A) amorphous carbon, B) diamond, C) graphite, D) 
fullerene, E) single-walled carbon nanotube, and F) graphene. 

Carbon nanotubes (CNTs) have been described for the first time at the atomic level in 

1991 by Iijima, but the first evidence of their existence appeared already in the ‘50-‘60, 

when they have been reported as carbon filament or carbon whiskers.4, 5 

CNTs are graphene sheets rolled up to form a cylindrical structure with varying degrees 

of twist along their length, obtaining in this way a material with a variety of chiralities 

(Fig. I.2). The electronic properties of CNTs depend on the way to wrap the graphene 

layer. The circumference of a CNT is described by the chiral vector !h, determined by a 

pair of integers (m, n), whereas the wrapping angle of graphene sheet is defined as 

chiral angle (!).6 For example when a nanotube possess chiral indexes n=m it will 

possess the armchair structure, whereas when the n=0 the nanotubes possess zigzag 

structure. Alternatively when n and m possess different values, carbon nanotubes 

assume a chiral structure (Fig. I.2A). 
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Figure I.2: A) Molecular models of CNTs, with different structures.7 B) Schematic representation of the 
formation of SWCNTs by rolling up a graphene sheet with the lattice vectors a1 and a2 and the roll-up vector 
Ch=na1+ma2. Achiral nanotubes exhibit roll-up vectors derived from (n,0: zigzag) or (n,n: armchair). In this 
example: (n,m) = (4,2).8 C) Scanning tunnelling microscopy (STM) image showing the lattice structure of a 
semiconducting single-walled carbon nanotubes.9 

Depending if they consist by a single shell of graphene or by multiple concentrical 

graphene sheets coaxially arranged around a central hollow core, CNTs can be classified 

in single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes 

(MWCNTs) (Fig. I.3). SWCNTs have a diameter from 0.7 to 3.0 nm and a length ranging 

between few nanometers to few micrometers. On the other hand MWCNTs are larger and 

they can have a diameter up to 100 nm, with a length that could reach several 

millimetres. 

 
Figure I.3: Transmission electron microscopy (TEM) images (A) and schematic draw (B) of a SWCNT6 and a 
MWCNT.1 
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I.2 Functionalization of carbon nanotubes 

 

The great interest on CNTs depends on their particular structural features, such as 

diameter and chirality, which render them a unique material. Indeed a combination of 

properties is relied on their structure, such as physical, chemical and mechanical 

properties, thermal conductivity and large aspect ratio.10 

The strong van der Waals interactions between the nanotubes induce the formation of 

thick and inhomogeneous bundles of material, reason that explains the lack of solubility 

of pristine CNTs, both in organic solvents and aqueous solutions. This problem represents 

a bottleneck in the use of CNTs, in particular for biological applications. However, the 

possibility to functionalize the material in different ways permits to obtain an increase in 

the dispersibility of CNTs in aqueous media.11 

Until now, several approaches have been developed to functionalized CNTs and they can 

be divided mainly in two: 

- The covalent functionalization with organic moieties through different reactions, 

occurring at the sidewall or on the tips of CNTs. Using this approach it is possible to 

control the location of the bound molecule. For example, via amidation the majority of 

the reaction will take place at the tips of nanotubes due to high number of carboxylic 

groups present here after an oxidative process. Instead, performing an addition reaction 

like 1,3-dipolar cycloaddition, the functionalization will occur on the entire surface of the 

nanotubes. 

- The non-covalent exohedral or endohedral functionalization on the surface or at the 

interior part of the nanotubes, respectively, using various molecules. This approach 

permits to decorate CNTs surface, increasing the degree of functionalization and the easy 

release of adsorbed molecules, without perturbing the electronic network of CNT 

structure.12 

The most used and exploited reactions are described in the following paragraphs. In the 

second part of the chapter the multifunctionalization of CNTs will be discussed, including 

the most important works, which exploited this approach in the fields of nanomedicine 

and drug delivery.  
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I.2.1 Covalent functionalization 

 

I.2.1.1 Amidation and esterification 

 

Since pristine nanotubes contain an amount of impurities deriving from their production, 

such as amorphous carbon or metallic nanoparticles, often the first step in the 

functionalization of CNTs consists on their purification under acidic and oxidative 

treatments. For example this process could occur using a mixture of nitric and sulphuric 

acid under sonication or a mixture of sulphuric acid and hydrogen peroxide under heating 

conditions, which lead to the formation of opened, shorter nanotubes with defects on the 

sidewall and oxygenated functionalities, mainly carboxylic groups13, 14, at the tips. In this 

way, these latter reactive groups become the site for further functionalization with 

alcohols or amines to give the corresponding esters or amides, respectively. 

Esterification or amidation reactions (Scheme I.1) can be performed by standard 

procedures, using carbodiimide based coupling agents or exploiting acyl chlorides as 

intermediate. In 1998 Smalley and co-worker"$ first reported the possibility to 

functionalize oxidized SWCNTs through amidation, using thionyl chloride to convert the 

carboxylic function in reactive sites for the coupling with undecylamine. In a similar way, 

Haddon and co-workers exploited this reaction to increase the dispersibility of CNTs, 

functionalizing the material with poly(m-aminobenzene sulfonic acid) (PABS), thus 

forming the acyl chloride, as intermediate, with oxalyl chloride.15 

The same reaction can occur using carboodiimide coupling agent such as DCC (N-N’-

dicyclohexylcarbodiimide) or EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) in 

the presence of NHS (N-hydroxy succinimide) or HOBt (1-hydroxy-benzotriazole), as 

described Terrones and co-worker,16 which exploited this reaction to bind a protein to the 

nanotubes. This approach has been widely used by different groups to link various 

biomolecules to carbon nanotubes, including peptides or drugs. 
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Scheme I.1: Covalent functionalization following amidation (A) or esterification (B) reactions of carboxylic acid 
groups. 

Alternatively, the carboxylic groups present at the tips of the oxidized CNTs have been 

also modified by esterification. For example, this reaction has been used to bind 

porphyrins to CNTs and enhance their dispersibility.17 

 

I.2.1.2 Addition reactions 

 

The structural features of the CNTs account for the lower reactivity of the sidewall than 

the CNT tips. In fact, the terminal parts of the material are constituted by five- and six-

membered condensed rings of carbon and therefore this can be compared to a half 

fullerene. Instead, the sidewall of the tubes is very stable and the reactions occur 

probably only at the defect sites, normally introduced during their synthesis.18 For this 

reason, in order to functionalize the sidewall of the material, highly reactive species are 

required, like radicals, carbenes or nitrenes. 

 

I.2.1.2.1 Addition of carbene 

 

The group of Haddon19 reported for the first time carbene cycloaddition (Scheme I.2A). 

The reactive specie was generated in situ by a mixture of chloroform/sodium hydroxide 

or using phenyl (bromodichloro methyl) mercury. The dichlorocarbene obtained 

efficiently reacted with SWCNT forming cyclopropane ring on the sidewall of the tubes, as 

confirmed by Raman, IR and XPS, but a reversion of the reaction was observed at high 

temperature. 
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Scheme I.2: Addition of carbene to carbon nanotubes: cycloaddition reaction (A) and nucleophilic reaction (B). 

 

In 2003, Coleman et al.20 demonstrated the possibility to functionalize SWCNTs through 

Bingel cyclopropanation, exploiting the formation in situ of carbene from 

diethylbromomalonate. The reaction was taken place in presence of DBU 

(1,8diazobicyclo[5,4,0]-undecene) and the terminal ethoxylic groups were transesterified 

with 2-(methylthio)ethanol, in order to have a site for the introduction of gold 

nanoparticles. The occurring of the reaction was verified by AFM technique, where the 

presence of nanoparticles was detected on the entire surface of the material. To further 

prove the occurring of Bingel reaction, the terminal ethoxy groups were alternatively 

transesterified with the sodium salt of 1H,1H,2H,2H-perfluorodecan-1-ol and 19F-NMR 

showed the presence of fluorinated chain, confirming once again that the reaction 

occurred (Fig. I.4). 

 
Figure I.4: A) (i) Bingel reaction. (ii) Transesterification with 2-(methylthio)ethanol. (iii) Introduction of Au 
colloids. (iv) Transesterification with sodium salt of 1H,1H,2H,2H-perfluorodecan-1-ol. B) Tapping mode AFM 
image of SWCNT (4) functionalized by Bingel reaction, after exposure to Au colloids. The image shows that gold 
colloids decorate the entire structure of CNTs. Adapted from Coleman, K. S., et al. 2003."$ 
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In a different way, Holzinger et al.21 reported the nucleophilic addition of carbene, where 

zwitterionic species were generated at the place of cyclopropane derivatives (Scheme 

I.2B). 

 

I.2.1.2.2 Addition of nitrenes 

 

Nitrenes cycloaddition (Scheme I.3) has been also studied in order to functionalize 

pristine carbon nanotubes. Starting from an alkyl azidoformate derivative, a thermal 

treatment gives rise to the decomposition of the azide and the formation of the reactive 

specie alkoxycarbonylnitrene. The addition of nitrene to the sidewall of CNTs resulted in 

the formation of alkoxycarbonylaziridino derivatives. Hirsch and co-workers22, 22 

demonstrated the feasibility of this reaction, using different types of alkyl chains, such as 

oligoethylenic derivatives, crown ethers and dendrimers. Under these conditions, an 

increase in the dispersibility of the derivatives was observed, in particular for the crown 

ethers or the dendrimer functionalized SWCNTs. Using the same approach, Yinghuai et 

al.23 functionalized SWCNT with carborane units, obtaining a water-soluble material able 

to localize specifically into the tumor. 

In a similar way, Moghaddam et al.24 functionalized MWCNTs via azide photochemistry. 

Photoactive azidothymidine was irradiated in presence of CNTs, giving rise to reactive 

nitrene groups necessary for the cycloaddition reaction and the consequent formation of 

aziridine derivatives. The free hydroxyl group of thymidine was then further modified to 

obtain a single strand of DNA on the sidewall of CNTs, after repeated synthetic cycles. 

 
Scheme I.3: Addition of nitrene to carbon nanotubes. 

 

I.2.1.2.3 1,3-Dipolar cycloaddition 

 

1,3 Dipolar cycloaddition of azomethine ylides was reported for the first time in 2002 by 

the group of Prato,25 and since this date it has been widely exploited to functionalize 

carbon nanotubes with a number of different molecules. The azomethine ylides, 

intermediate of the reaction, were produced in situ by condensation and subsequent 

thermal decomposition of aldehydes and !-amino acids, at 130 °C for five days, forming 
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pyrrolidine rings fused to the C-C bonds of CNTs (Scheme I.4). Alternatively, Brunetti et 

al. in 200726 reported the same reaction under solvent-free microwave irradiation, using 

the same substrates (i.e. aldehydes and !-amino acids), or with aziridine derivatives. 

Using an amino acid with a polar chain, like triethylene glycol, the formation of the 

pyrrolidine ring allow to increase the dispersibility of the conjugates to facilitate their 

manipulation. Changing the chain on the !-amino acid and the type of aldehyde, it is 

possible to obtain a variety of functionalized CNTs bearing on the pyrrolidine ring 

different moieties, expanding the versatility of the 1,3-dipolar cycloaddition. 

 
Scheme I.4: 1,3 Dipolar cycloaddition of azomethine ylides to carbon nanotubes. 

The use of amino acids with protected amino end for the functionalization of CNTs gives 

the possibility, after the deprotection reaction, to exploit this nucleophilic site for further 

chemical modification. For example it has been reported the easy linkage to peptides,27 

antibodies28 or drug,29 obtaining attractive conjugates for biomedical studies. 

 

I.2.1.2.4 Diels-Alder Cycloaddition 

 

Despite Diels-Alder reaction is quite used in organic chemistry, due to its reversibility, is 

not the really suitable reaction for CNTs. Delgado et al. 30  reported in 2004 the 

functionalization of short SWCNTs through Diels-Alder reaction using o-quinodimethane 

formed in situ under microwave irradiation from 4,5-benzo-1,2-oxathiin-2-oxide (sultine) 

(Scheme I.5). The occurrence of the reaction was then confirmed by thermogravimetric 

and Raman analyses. 

 
Scheme I.5: Diels-Alder cycloaddition reaction to carbon nanotubes. 
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I.2.1.2.5 Radical additions 

 

The use of radical species to functionalize CNTs is another approach widely exploited and 

investigated. The group of Tour31 described first the use of aryl diazonium salts to 

perform the addition reaction on the sidewall of SWCNTs, obtaining a highly 

functionalized and well-dispersed material in organic solvents and water. The formation 

of diazonium salts can be achieved in two main ways. The reactive species can be 

preformed using an aniline derivative and NOBF4 via an electrochemical reduction or 

diazonium salt can be generated in situ from the corresponding aniline using NaNO2
32 or 

an alkyl nitrite, like isoamyl nitrite. 33  Using organic triazene compounds as stable 

precursors of diazonium salts, Hudson et al.34 devised an easy way to functionalize 

SWCNTs in aqueous solution, avoiding in this way the use of corrosive oleum or strong 

acid solutions, which were necessary in the first works using aniline and NOBF4 or NaNO2, 

respectively (Scheme I.6). 

 
Scheme I.6: Arylation reaction via diazonium salt to carbon nanotubes, under different conditions. 

 

I.2.2 Non-covalent functionalization 

 

I.2.2.1 Exohedral functionalization 

 

One of the most exploited approaches to unbundle and disperse carbon nanotubes is the 

non-covalent coating by various molecules. In the past few years, polymers, aromatic 

compounds, surfactants and biomolecules have been used to treat CNTs, obtaining highly 

stable suspensions of individually dispersed nanotubes in both organic and aqueous 

solutions. The non-covalent interactions, which regulate this kind of functionalization, are 

mainly based on van der Waals forces, hydrophobic interactions and !-! stacking. 

NH2R

+

NOBF4

N2R BF4

NH2R

NR N N

+ NaNO2 or
Isoamyl nitrite

OR

R

R
R

Preformed
diazonium salts

Diazonium salts
generated in situ

R



CHAPTER I! ! Introduction!

! "#!

CNTs have been dispersed in a variety of polymers, such as polystyrene, polypropylene, 

polyphenylene-vinylene (PPV). The first example of functionalization of CNTs with 

polymer was reported by the group of Xu.35 In this work the polymerization of phenyl-

acetylene was performed in situ in the presence of CNTs. It was observed that polymer 

wrapped around the material helically, inducing the solubilisation of the conjugates in 

common organic solvents. Moreover under strong laser irradiation a photostabilization 

effect of CNTs was demonstrated, protecting the polymer from photodegradation. 

In 2005 the group of Stoddart36 (Fig. I.5A) proposed the use of a supramolecular 

approach to disperse CNTs. SWCNTs were dispersed with a mixture of two building 

blocks, a ZnII metalloporphyrin complex and a cis-protected PdII complex. Under thermal 

treatment, the supramolecular polymer based on coordination interactions was formed 

on or around SWCNTs obtaining a material soluble in aqueous solution. Using a similar 

approach, in 2011 Bonifazi and co-worker37 (Fig. I.5B) reported the solubilization of 

MWCNTs after the formation around the nanotubes of different supramolecular polymers 

based on hydrogen bond interactions between two complementary modules, 2,6-

di(acetylamino)pyridine system and a modified uracil derivative. 

 
Figure I.5: Schematic representation of the self-assembly and self-organization process taking place on CNTs, 
via coordination chemistry (A) or hydrogen bonding (B).$%, $& 

The use of biomolecules (proteins, phospholipids, DNA) has been also explored for the 

solubilization of CNTs, aiming to obtain an efficient drug delivery system, able to carry 

and deliver bioactive molecules into cells. Moreover, combining the conducting properties 

of CNTs and the recognition properties of the biomaterials, new bioelectronic systems can 

be obtained, like advanced biosensors. 

Tsang and co-workers38 demonstrated the high affinity of proteins (i.e. metallothioneins) 

for the sidewall of MWCNTs and the strong adsorption of the biomaterial was observed by 

high-resolution TEM. 
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In a different way, it has been demonstrated that condensed aromatic derivatives can 

dissolve CNTs in aqueous and organic media. The group of Nakashima39 showed that 

different aromatic compounds, like phenyl, naphthalene, phenanthrene and pyrene-

ammonium derivatives, were able to disperse SWCNTs in different ways. Phenyl and 

naphthalene derivatives were not efficient to disperse CNTs, instead pyrene (Py) 

demonstrated to be a good solubilizer for this type of material. Exploiting this property, 

the group of Harada40 (Fig. I.6) functionalized SWCNTs with !-cyclodextrins (!-CDs), 

previously anchored to a molecule of Py. In this way the aromatic moiety permitted the 

interaction with the nanotubes, while cyclodextrins gave polarity to the system, giving 

birth to a hybrid material soluble in aqueous media. Adding poly(acrylic acid) carrying 

2% of dodecyl groups (PAA2, a guest polymer of !-CD) to CNTs dispersion, the host-

guest interactions occurred, forming an homogeneous CNT hydrogel. The addition of 

sodium adamantane carboxylate (AdCNa) or "-CD, guest and host competitive 

compounds respectively, resulted in the disruption of the gel and the transition of the 

system from gel to sol. 

 
Figure I.6: A) Non-covalent functionalization of SWCNT with Py-!-CDs. B) Scheme of the gel-sol transition of 
Py-!-CD-SWCNT hybrids, after addition of guest/host competitive compound.$% 

Bertozzi and co-workers41 exploited in a similar way the ability of pyrene to interact with 

CNTs and they synthetized a second and a third generation of glycodendrimers bearing a 

pyrene at the core. The functionalization of SWCNTs with these molecules permitted to 



CHAPTER I! ! Introduction!

! "#!

obtain a highly soluble material, stable in aqueous media for several months. 

Furthermore the authors evaluated the cytotoxicity effects of the conjugates in HEK 293 

cells, revealing absence of cell death, whereas in presence of pristine nanotube cellular 

proliferation was significantly affected. 

 

I.2.2.2 Endohedral functionalization 

 

An alternative way adopted to functionalize carbon nanotubes is the encapsulation of 

molecules inside their empty cavity. This approach permits a material storage, and the 

protection and the controlled release of loaded molecules. 

The first examples of encapsulation were reported in the 1990s, where different groups 

described the possibility to fill CNTs with C60, producing the so-called peapod 

structures.42 The release of C60 from the cavity of CNTs was also investigated and verified 

by various groups. The group of Iijima43 reported the encapsulation of fullerenes into 

large diameter SWCNTs (1.5-7 nm) and the subsequent release of the material was 

particularly efficient from nanotubes with a diameter of 3-5 nm. In 2010 the same 

group,44 after the preparation of peapod structures, showed the dimerization of C60 in the 

interior cavity of SWCNTs under electron irradiation, during the observation under high 

resolution TEM (HRTEM) (Fig. I.7). 

 
Figure I.7: Series of high resolution images of C60 molecules, encapsulated into carbon nanotubes, gradually 
bonded and finally fused. A) Original TEM images, B) TEM images simulations and C) their models. Adapted 
from Koshino, M. et al., 2010.$$ 

The group of Pastorin 45  reported the encapsulation of the antitumor agent, 

hexamethylmelamine (HMM) and the subsequent seal of the nanotubes with fullerenes. 

The obtained “nano-bottle” structures were characterized by TEM and Raman 
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spectroscopy, confirming the presence of both C60 and HMM molecules inside the tubes. 

Moreover from preliminary studies, the authors have shown the effectiveness of the 

removing of C60 and the release of the drug, demonstrating the ability of this system to 

store and protect guest molecules inside the nanotubes. 

Beside fullerene, others organic and inorganic molecules have been introduced inside 

CNT. For example, the group of Kataura46 studied the encapsulation of conjugated dyes, 

such as carotene, and by photoluminescence spectra demonstrated the effective 

encapsulation. For what it concerns the inorganic salts, a large number of metal halides 

have been introduced inside nanotubes, including CdCl2, TbCl3, KI, CdI2. The 

encapsulation of radioactive Na125I has been used for in vivo localization and imaging of 

SWCNTs administered to mice.47 Tripisciano et al.48 reported the introduction of cisplatin 

inside SWCNTs, to protect the drug from photodegradation and external reactive species 

and to avoid the decomposition of the drug. Carbon nanotubes were then coated with 

PEG-lipid surfactant and the cytotoxicity effects of the drug were evaluated on prostate 

cancer cells, showing a dose-dependent toxicity. 

 

I.3 Multifunctionalization of carbon nanotubes 

 

Multifunctionalization of CNTs can be necessary to impart multimodalities and extend the 

scope of potential applications of CNTs. In particular, for the development of future 

multipotent therapeutic constructs, it is of interest to use CNTs as multimodal drug 

delivery. In the biomedical domain and in nanomedicine,49 CNTs are attracting many 

interests. The immobilization of different types of bioactive molecules including 

peptides,50 proteins,51 nucleic acids,52 and small drugs,53 by covalent or non-covalent 

bonds, might find interesting applications for the delivery of therapeutic molecules,54 for 

the modulation of molecular and cellular interactions,55 for DNA transfer56  and RNA 

silencing,57 and in diagnostics.58 The development of nanocarriers with targeting and 

imaging capability is essential in the treatment of many diseases. Targeting of 

therapeutic agents to the desired site of action, by conjugation to antibodies or ligands of 

receptors overexpressed at the surface of pathogenic cells, is of high importance to 

increase the therapeutic efficiency and reduce side effects. In addition, the attachment of 

a tracking probe allows imaging and localizing the CNT conjugates.59 The possibilities to 

multifunctionalize CNTs have been studied using different strategy and covalent and/or 

non-covalent approaches have been exploited, permitting the introduction of 2 or 3 

different moieties. 
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I.3.1 Covalent double functionalization of carbon nanotubes 

 

In the last decade different covalent approaches for CNT functionalization have been 

exploited to develop carbon nanotubes as a new drug delivery system. The strong 

covalent bonding of drugs onto CNTs is fundamental to avoid their release and 

metabolization before reaching the pharmacological target. In this context, the double 

covalent approach permits the exploitation of CNTs as biological vectors for different 

tasks at the same time, by combining an imaging probe or a targeting molecule with a 

therapeutic agent. In this way, it is possible to study both in vitro and in vivo the 

localization and the drug release properties of these nanoconjugates or to specifically 

carry low-selective pharmacophores into the desired tissue. A further elaboration of these 

systems by the introduction of cleavable linkers between the drug and the CNTs will allow 

the release of the drug by specific enzymes only when the target tissue is reached. At the 

present time the different functionalization techniques exploited for the preparation of 

covalently double functionalized CNTs can be classified in the five general approaches, 

described in details below. 

 

I.3.1.1 Photoactivation approach 

 

The first example of covalent double functionalization of CNTs has been reported in 2005 

by Dai and co-workers.60 The authors showed a simple and effective method to produce 

asymmetrically tip-functionalized MWCNTs, based on the grafting of different chemical 

reagents at the two ends of a pre-aligned CNT film. As first step of this procedure, the 

two edges of a vertically aligned CNT film were sequentially floated on two different 

photoreactive solutions containing 3’-azido-3’-deoxythymidine (AZT)61 and perfluorooctyl 

iodide (F),62 respectively. Only one side of the nanotube film was in contact with the 

photoreactive solution and exposed to UV light each time, which induced the selective 

link of the two different organic moieties at the opposite tips of the CNTs, producing in 

this way a new type of hydrophilic/hydrophobic MWCNTs (AZT-CNT-F). The authors 

showed that, after destroying the CNT alignment by sonication, the AZT-CNT-F 

nanotubes were able to self-assemble again at the interface of a polar/apolar solvent 

system. 

 

I.3.1.2 1,3-Dipolar cycloaddition/amidation approach 

 

In 2005, using a different approach, two different and orthogonal functionalizations have 

been applied by the group of Prato and Bianco to prepare doubly functionalized 
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MWCNTs.$% This method allowed to link a fluorescent probe such as fluorescein and the 

antifungal drug amphotericin B (Scheme I.7). 

 
Scheme I.7: Double functionalization of CNTs with fluorescein and amphotericin B. 

The first synthetic step, consisting in the oxidation of CNTs, was necessary to decrease 

the length of the pristine material and to increase the number of defects on CNTs. The 

carboxylic groups obtained by the oxidation process were subsequently modified by 

amidation, whereas on the sidewall of oxidized CNTs 1,3-dipolar cycloaddition of 

azomethine ylides was performed. Triethylene glycol (TEG) amine moieties with different 

protecting groups [t-butyloxycarbonyl (Boc) and phthalimide] were introduced on the 

CNTs, allowing the orthogonal deprotection needed for further heterofunctionalization 

with the imaging probe and the therapeutic agent. The fluorescent conjugates obtained 

in this way permitted to study the intracellular trafficking of CNTs by fluorescence and 

confocal microscopy, highlighting the localization of functionalized CNTs in the 

perinuclear region. The potent antifungal activity of amphotericin B covalently bound to 

CNTs was preserved or even increased for certain strains.63 

A similar approach was exploited by Chen et al.64 and by Villa et al.65 in 2008. In the first 

work, SWCNTs were double functionalized with both a tumor-targeting and a prodrug 

module to obtain a drug delivery system endowed with high selectivity for tumor cells.&' 

Biotin was chosen as tumor-targeting module, due to overexpression of its receptor on 

the surface of certain types of cancer cells. A taxoid compound was used as prodrug, 

inserted via a linker designed to decrease the undesired toxicity of the drug and to be 

efficiently cleaved once into cancer cells by endogenous reducing system such as 

glutathione. After performing 1,3-dipolar cycloaddition and amidation reactions on CNTs, 

biotin was linked to the CNTs followed by the taxoid, modified with fluorescein to track 

the cellular uptake, and conjugated to the nanotubes via a cleavable linker. Cellular 

studies conducted on different cell lines showed a higher CNT internalization in cells 

overexpressing biotin receptor, following an endocytosis mediated mechanism of 

penetration. A perturbation in the microtubule organization was observed, which is 

indicative of an intracellular release of the drug because of the sensitive linker. 
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Villa et al.$% explored the synthesis of double functionalized CNTs bearing an 

oligonucleotide (ODN) sequence and a radiolabeling compound or a targeting peptide. In 

this work, an ODN able to specifically hybridize a complementary sequence was 

covalently bound to oxidized CNT tips. After performing 1,3-dipolar cycloaddition, the 

terminal amino groups were either functionalized with DOTA (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetracetic acid) and complexed to indium to follow the 

organ biodistribution of the conjugate, or with the arginine-glycine-aspartic acid (RGD) 

peptide, which selectively targets tumor cells. Cellular studies confirmed the specific 

targeting and binding to tumor cells. 

The group of Bianco and Prato66 devised a new synthetic strategy to enhance the 

anticancer activity of methotrexate (MTX) by exploiting the ability of CNTs to cross the 

cellular membrane and deliver the anticancer drug by selective enzymatic cleavage. Two 

cleavable linkers were used to bind MTX to CNTs: i) a tetrapeptide, selectively sensitive 

to proteases overexpressed in cancer cells, and ii) 6-hydroxyhexanoic ester, a spacer 

widely used in prodrug for its esterase sensitivity. Oxidized CNTs, subsequently modified 

by the 1,3-dipolar cycloaddition reaction, were functionalized with sulforhodamine at the 

carboxylic groups mainly localized at the tips and with a MTX-linker moiety on the 

sidewall. The conjugates were efficiently internalized in human breast carcinoma (MCF-7) 

as assessed by confocal microscopy. An increased cytotoxicity was observed for the CNT-

MTX conjugates with the cleavable linkers in comparison to the free drug and the CNT-

MTX without the linker. In particular, the CNT hybrids with the tetrapeptide linker 

resulted more active than the other constructs. 

 

I.3.1.3 Double 1,3-dipolar cycloaddition approach 

 

In 2006, Pastorin et al.67 had already functionalized CNTs with MTX and a fluorescent 

probe using a different approach. In this case, 1,3-dipolar cycloaddition of azomethine 

ylides was performed using contemporaneously two TEG modified amino acids 

orthogonally protected with Boc and phthalimide groups. Firstly, the phthalimide moiety 

was selectively removed to bind fluorescein isothiocyanate (FITC) and the CNTs were 

subsequently treated with an HCl solution to deprotect the second amine blocked by the 

Boc group, allowing the introduction of MTX. In this way, the authors showed a novel, 

easy strategy to achieve double functionalized CNTs using 1,3-dipolar cycloaddition. 

Exploiting this strategy, McDevitt et al.68 and Ruggiero et al.69 functionalized SWCNTs 

with a chelating agent, DOTA, or desferrioxamine B (DFO), and a therapeutic antibody. 

In the work of McDevitt et al. (Scheme I.8), SWCNTs mono-functionalized with DOTA 

complexed to the radioactive indium mainly accumulated in the kidney, spleen, liver and 
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bones.$% However, the conjugation of a therapeutic antibody (Rituximab or Lintuzumab) 

on the 111In/DOTA-SWCNTs allowed to prove the specific targeting of tumor cells in vitro 

and in vivo.  

 
Scheme I.8: Double covalent functionalization of CNTs with a chelating agent and a therapeutic antibody. 

Similarly, Ruggiero et al.$& used two different chelating agents to link the radionuclides 
225Ac or 89Zr to CNTs. Both radionuclides can be used for in vivo imaging of cancer cells, 

because 225Ac possesses radiotherapeutic properties, while 89Zr can be used as positron 

emission tomography (PET) agent. 1,3-Dipolar cycloaddition using a TEG amino acid was 

performed on SWCNTs and the free amino groups introduced on the nanotube surface 

were partially functionalized with reactive hydrazinopyridine (HNH) moieties and partially 

with DOTA or DFO in order to complex 225Ac or 89Zr, respectively. Subsequently, a 

targeting antibody (E4G10), able to bind specifically angiogenic endothelial cells 

expressed in tumors, was linked to the nanotube sidewall on the HNH moieties. The in 

vivo studies showed the efficacy of the 225Ac-CNT conjugates in decreasing the tumor 

volume after irradiation of the vessels, while PET images proved the rapid and specific 

accumulation of 89Zr-CNT into the tumor. 

 

I.3.1.4 Double amidation approach 

 

An alternative procedure to doubly functionalize CNTs relies on a double amidation 

approach using oxidized CNTs. The oxidation process is generally performed in a mixture 

of highly oxidizing acids able to shorten the carbon framework of CNTs and introduce 

carboxylic groups located prevalently on their terminal parts. Subsequently, the acid 

residues are activated through the conventional synthetic techniques based on the 

formation of acyl chlorides or by using coupling agents, such as 1-(3-
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(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (EDC) in order to perform the 

final coupling with amine derivatives. 

Bhirde et al.70 and Wu et al.71 have recently reported the possible use of oxidized CNTs 

as anticancer drug delivery systems after double functionalization via tip amidation with 

an anticancer agent and a targeting module or an imaging probe. In the work of Bhirde 

et al.,#$ oxidized SWCNTs were first functionalized via amidation with the epidermal 

growth factor (EGF), whose receptor is overexpressed in most squamous cancer cells. A 

second molecule, an anticancer drug (cisplatin) or a fluorescent quantum dot (QD) was 

linked to CNTs via complexation or amidation, respectively. The localization of EGF-QD-

CNT conjugates was investigated in vitro on HN13 cells overexpressing the EGF receptor 

(EGFR) and in vivo using the HNSCC xenograft model in which HN12 cells overexpressing 

EGFR were used to induce tumor in mice. The results showed an efficient interaction 

between EGF and EGFR mediating the internalization of CNTs. In particular, the in vivo 

experiments showed the rapid accumulation of the targeting bioconjugates in the tumor 

and the rapid clearance of the QD-CNT control (lacking in EGF) without any organ 

accumulation. Further in vivo experiments demonstrated the anticancer efficiency of the 

cisplatin-EGF-CNT conjugates as mice showed considerable regression in tumor growth, 

while the mice administered with the CNT control displayed a clear increase of the tumor 

volume. From these results, it is evident that EGF-modified SWCNTs can selectively and 

efficiently target and kill squamous cancer cells. 

Wu et al.#% have developed a drug delivery system consisting of MWCNTs bearing the 

antitumor agent 10-hydroxycamptothecin (HCPT) and an imaging probe (Scheme I.9). 

The synthesis of the conjugates began with the amidation of the carboxylated tips of 

CNTs with a TEG-amino chain, which was further functionalized with HCPT and with FITC 

or 99mTc-DTPA (diethylenetriaminepentaacetic acid). An ester linker was introduced 

between CNTs and HCPT to permit the release of the drug only in the intracellular 

environment. The in vitro release tests confirmed the stability of the HCPT-CNT 

conjugates at pH 7.4 and 5.0 and showed the release of HCPT in the presence of fetal 

bovine serum. The FITC-HCPT-CNT conjugates were able to cross the cell membrane of 

human gastric carcinoma MKN-28 cells and to localize into the cytoplasm. A significant 

improvement of cytotoxicity was observed for HCPT-CNTs in comparison to HCPT alone. 

The CNT conjugates bound to 99mTc-DTPA were injected subcutaneously in hepatic H22 

tumor-bearing mice to study the biodistribution at different times by single-photon 

emission computed tomography (SPECT) and gamma scintillation counting. The results 

confirmed a rapid distribution of CNTs throughout most tissues including the tumor area. 

Histological studies showed necrotic zones in tumor slices from mice treated with HPCT-
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CNTs for 16 days, confirming the efficacy of the drug. The lack of mortality in other 

organs, like liver or spleen, despite the presence of CNTs, confirmed the low toxicity of 

CNTs. 

 
Scheme I.9: Double functionalization of carbon nanotubes with antitumor agent 10-hydroxycamptothecin 
(HCPT) and 99mTc-DTPA. 

 

I.3.1.5 Other double functionalization approaches 

 

Other methods have been developed for the double functionalization of CNTs, including 

the combination of 1,3-dipolar cycloaddition of azomethine ylides and arylation using 

diazonium salts. Microwave heating has been exploited to perform this type of multiple 

heterofunctionalization (Scheme I.10).72,73 The high number of functionalities introduced 

by arylation and the possibility to perform the 1,3-dipolar cycloaddition in solvent-free 

conditions seem to be a highly promising multimodal tool for the generation of new CNT 

conjugates. Microwave irradiation generally allows remarkable reaction accelerations and 

yield improvements. Under microwaves, the 1,3-dipolar cyloaddition of azomethine 

ylides27 and arylation74 were subsequently performed using different precursors and 

reagents. Rubio et al.$" demonstrated an improvement of the reaction yield under 

microwave conditions in comparison to the classical heating procedure. 

 
Scheme I.10: Functionalization of carbon nanotubes through 1,3-dipolar cycloaddition and arylation reaction 
under microwave irradiation. 

Two novel methods for the preparation of water-soluble SWCNTs were reported by Tour 

and coworkers.75 In the first approach, SWCNTs were functionalized with two different 
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diazonium salts in a two-step sequence. As alternative to this strategy based on 

functionalization by repetitive arylation protocol, a combination of amidation with a 

polyethylene glycol (PEG)-amine and arylation reactions was developed to double 

functionalize oxidized SWCNTs. 

The possibility to covalently multifunctionalize CNTs with different types of organic 

moieties displays remarkable biological advantages in comparison to their mono-

functionalized homologues, due to the possibility of simultaneously performing different 

tasks in vitro and in vivo. 

 

I.3.2 Non-covalent double functionalization of carbon nanotubes 

 

Non-covalent double functionalization of carbon nanomaterial has been highly 

investigated over the last years to generate CNT conjugates bearing targeting or imaging 

moieties. In this context, physical adsorption of polymers, such as PEG, onto the sidewall 

of CNTs was widely used to improve the biocompatibility and water dispersibility of CNTs, 

prerequisites for the formulation of new drug delivery platforms. 

Dai and coworkers 76  proposed one of the first examples of non-covalent double 

functionalization of SWCNTs for biological applications. Indeed, the authors investigated 

the in vivo biodistribution and tumor targeting ability of SWCNTs non-covalently 

functionalized with phospholipid-polyethyleneglycol (PL-PEG) chains bringing at their 

termini the chelating agent DOTA for 64Cu radionuclide complexation and the RGD 

peptide for targeting of integrin !v"3-positive tumors (Scheme I.11).77 Nude mice bearing 

subcutaneous U87MG human glioblastoma tumor model were intravenously injected with 
64Cu-labeled SWCNT-PEG. In vivo PET and ex vivo radioactivity measurements revealed 

that SWCNTs with a PEG chain of 5400 Da molecular weight exhibited low uptake by the 

reticuloendothelial system (RES) and long blood circulation half-life. Ex vivo Raman 

spectroscopy was used to directly detect the presence of nanotubes in the various mice 

tissues and to confirm a high tumor uptake. 

 
Scheme I.11: Functionalization of carbon nanotubes with PEG chain linked with the radionuclide 64Cu and with 
the targeting peptide RGD. 

In 2007, the same group78 introduced the new concept of "functionalization partitioning" 

of SWCNTs. This concept consisted in chemically attaching different and multiple species, 

[64Cu] DOTA PEG PL 

PL-PEG-RGD 



CHAPTER I  Introduction 

!

!"#!

such as drugs, targeting tags and fluorescent dyes, on the nanotube surface. It was 

demonstrated by UV-Vis-NIR and fluorescence spectroscopy that water-soluble SWCNT-

PL-PEG bind various aromatic molecules, including anticancer drugs [doxorubicin (DOX) 

and daunorubicin (DAU)] and fluorescent molecules, via !-stacking and hydrophobic 

interactions. To target the DOX delivery for selectively destroy cancer cells with DOX, the 

RGD peptide was conjugated to the terminal amine groups of PL-PEG chains on SWCNTs. 

The obtained data suggest that the nanotube surface area can be exploited for drug 

and/or dye delivery, with the possibility of their release in tumor acidic environments. 

In a subsequent study, Dai and coworkers79 investigated the in vivo pharmacokinetics 

and biodistribution of the SWCNT-DOX conjugates compared with free DOX, after 

injection into SCID mice bearing Raji lymphoma xenograft tumors. Measurements of DOX 

concentration in blood and harvested organs by fluorescence spectroscopy showed 

prolonged blood circulation and higher tumor uptake, respectively, for the SWCNT-DOX 

formulation. The in vivo therapeutic efficacy of DOX-loaded nanotubes was also 

investigated and compared to free DOX and DOXIL80 (a pegylated liposomal doxorubicin 

formulation). Mice treated with the SWCNT-DOX conjugates showed a greater inhibition 

of tumor growth than free DOX, but inferior than DOXIL at the equivalent dose. In 

contrast to the treatment with DOX and DOXIL that resulted in a significant decrease in 

mouse body weight and an increase in mortality, the SWCNT-DOX formulation did not 

exhibit toxic effects. Thus, CNTs have great potential as effective drug delivery system 

that could improve therapeutic efficacy and reduce systemic toxicity of the free drug.  

Based on a similar method, Zhang et al.81 reported the loading of polysaccharide-

modified SWCNTs with DOX for targeted drug delivery with acidic pH-controlled release 

to cancer cells (Scheme I.12) Both the DOX loading efficiency and release rate were 

finely tuned by varying the ratio of sodium alginate (ALG) and chitosan (CHI) 

polysaccharides on the nanotube surface. Moreover, folic acid (FA), a targeting agent for 

many tumors, 82  was additionally attached to the SWCNTs via the CHI chains to 

selectively deliver DOX to cancer cells. Fluorescence and transmission electron 

microscopy (TEM) images together with cell viability studies of HeLa cells treated with 

SWCNT-CHI-FA/ALG-DOX suggested that the nanotubes were internalized by the FA 

receptor-mediated pathway and accumulated into the lysosomes, where the low pH 

induces the release of DOX, which migrates into cell nucleus and exerts its cytotoxic 

effect.  
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Scheme I.12: Double functionalization of carbon nanotubes with doxorubicin and the targeting agent folic 
acid. 

In another demonstration of a bifunctional approach and a non-covalent supramolecular 

assembly of aromatic molecules on CNTs, Ali-Boucetta et al. 83  demonstrated that 

copolymer-coated MWCNTs were able to form complexes with DOX and enhance its 

cytotoxic activity. Pristine MWCNTs were dispersed in water using the tri-block copolymer 

Pluronic F127 and then mixed with DOX at various mass ratios. A sharp decrease in the 

intensity of DOX fluorescence was observed due to the static quenching of DOX 

absorbance via !-! stacking of its aromatic chromophore groups and the CNT backbone. 

The in vitro cytotoxicity studies on human breast cancer cells showed that the MWCNT-

DOX complex exhibited enhanced cytotoxic capacity compared to both DOX alone and 

DOX-pluronic complex. 

In contrast to direct attachments of doxorubicin onto the nanotube surface, Sengupta 

and coworkers84 linked DOX by a carbamate bond to pyrene groups and the latter was 

adsorbed by !-! stacking on the nanotube sidewall (Scheme I.13). The carbamate linker 

was chosen for achieving a controlled enzymatic cleavage of DOX in cancer cell lysates.85 

This novel CNT-DOX formulation was used in a mouse melanoma tumor model, 

demonstrating similar reduction in tumor volume than free DOX but with the advantage 

of non-toxic side effects, as evidenced by the unchanged body weights of the mice.   

 
Scheme I.13: Double functionalization of carbon nanotubes with doxorubicin linked to pyrene and peg chain. 
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Recently, Li et al.86 proposed for the first time SWCNTs functionalized with the antibody 

anti P-glycoprotein (P-gp) for targeting the multidrug resistant (MDR) human leukemia 

cells. Indeed, multidrug resistance is the major obstacle for successful cancer 

chemotherapy and it is mainly caused by membrane P-gp overexpression in the 

multidrug resistant cells that increases the out-efflux of anticancer drugs.87 To overcome 

this problem, doxorubicin was loaded onto anti-P-gp-SWCNTs (Ap-SWCNTs) via non-

covalent physical adsorption in order to selective eliminate the MDR cells (Scheme I.14). 

The in vitro drug release from the nanotubes into the target cells was controlled via 

exposure to near-infrared (NIR) radiation. In fact, it is known that CNTs absorb energy 

from NIR light, 88  and this process induces the drug release due to endothermic 

desorption of the molecules from the nanotube surface. The targeting ability of Ap-

SWCNT-DOX towards the membrane P-gp of the human leukemia cells (K562R) together 

with the intracellular uptake was confirmed by flow cytometry and confocal laser 

scanning microscopy. Finally, the Ap-SWCNT-DOX conjugates expressed 2.4-fold higher 

cytotoxicity than free DOX in cell viability tests, suggesting that Ap-SWCNTs are 

promising vehicles for targeted drug delivery to suppress the proliferation of MDR cells 

for cancer therapy. 

 
Scheme I.14: Double functionalization of carbon nanotubes with doxorubicin and a therapeutic antibody. 

Lay et al.89 extended the use of pegylated CNTs as delivery systems of paclitaxel (PTX),90 

a potent chemotherapeutic drug. Oxidized SWCNTs and MWCNTs were covalently 

functionalized via amidation with PEG segments and then loaded with PTX in methanol 

due to its very low solubility in aqueous solution. The PTX loading onto CNTs, based on 

strong hydrophobic interactions, improved the water solubility of paclitaxel. Indeed the 

PTX-loaded CNT-PEG derivatives were well dispersed in aqueous solutions without 

apparent evidence of aggregation. Moreover, the PTX-CNT-PEG conjugates exhibited high 

efficacy to kill MCF-7 breast and HeLa cervical cancer cells with IC50 lower than free PTX, 

confirming the increased bioavailability and cell-penetrating ability of PTX due to 

pegylated CNT carriers. 
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In another bifunctional approach, Guo et al.91 developed MWCNTs for in vivo imaging and 

drug delivery in the early detection and treatment of cancer. In their work, the nanotube 

surface was modified by plasma polymerization to deposit ultra-thin acrylic acid (AA) or 

poly(lactic-co-glycolic acid) (PLGA) films (3-6 nm).92 The AA-coating film promoted and 

facilitated the conjugation of CdSe/ZnS quantum dots (QD)93 with the nanotube surface. 

The CNTs coupled with QD displayed a suitable NIR emission at 752 nm, allowing the 

non-invasive imaging of live mice to determine the biodistribution of CNT-QD in the 

various organs after injection. Finally, the high capacity of the polymer-coated MWCNTs 

to non-covalently adsorb paclitaxel was also demonstrated, and the resulting PTX-loaded 

nanotubes exhibited in vitro antitumor efficacy against PC-3MM2 human prostate cancer 

cells. These data point out the great potential of CNT-QD conjugates not only as drug 

delivery systems but also as non-invasive optical in vivo imaging platforms. 

All these studies emphasize once more the versatility of the multifunctionalization of 

carbon nanomaterials as platforms for the adsorption or the attachment of drugs, 

targeting and imaging molecules for therapeutic and diagnostic purposes against cancer 

diseases and other pathologies.   

 

I.3.3 Triple functionalization of carbon nanotubes 

 

The high aspect ratio and specific surface area of CNTs allow preparing even more highly 

advanced nanomaterials. The possibility to functionalize CNTs with more than two 

molecules is feasible and it opens interesting opportunities for the use of CNTs as 

multimodal nanomaterials by imparting magnetic susceptibility, imaging signals, 

targeting capability, and/or drug loading capacity. In this context, few strategies for the 

covalent, non-covalent or mixed triple functionalization of CNTs have been reported so 

far. Ruggiero et al. 94  prepared SWCNTs functionalized with three different tracking 

probes, corresponding to two fluorescent dyes and a metal-ion chelating agent, for in 

vivo multimodal imaging of the nanotubes. The design of these conjugates was aimed to 

investigate the clearance route. For this purpose, SWCNTs were first functionalized by 

1,3-dipolar cycloaddition of azomethine ylides to introduce pyrrolidine rings on the 

nanotube surface bearing amino groups on the lateral chain. The amine loading was 

determined using a colorimetric assay. The Alexa Fluor 488 dye was then reacted in 

defect amount to the amines. A second dye, Alexa Fluor 680, was then grafted on the 

amino groups again in defect. After each coupling, the amount of the fluorescent probes 

was determined by UV/Vis spectroscopy. Finally, the remaining amino functions of the 

dual-fluorescently labeled SWCNTs were reacted with the bifunctional chelating agent 

DOTA and subsequently radiolabeled with 86Y. The functionalization of SWCNTs with the 
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three imaging probes allowed to track the nanotubes in mice by using dynamic PET, NIR 

fluorescence imaging of the kidney, as well as immunohistochemistry and immune 

fluorescence imaging of the nephron. This multimodal tracking approach allowed 

assessing a rapid and effective CNT elimination from the blood circulation by the kidney 

without concomitant degradation. 

Recently, Ménard-Moyon et al. 95  described a simple, efficient and well-controlled 

approach based on a one-pot process for the covalent functionalization of CNTs with 

three different functional groups. The strategy relies on the simultaneous reaction of a 

mixture of three aryldiazonium salts generated in situ, leading to arylation of the 

nanotube surface (Scheme I.15). The CNTs were functionalized with benzylamine 

moieties blocked with three quasi-orthogonal protecting groups that could be selectively 

removed under specific conditions. The sequential removal of the protecting groups of 

the amine functions allows the grafting of molecules of interest, such as a drug, a 

targeting ligand, and a tracking probe, onto CNTs in a sequential and controlled manner. 

 
Scheme I.15: One spot triple functionalization of carbon nanotubes through arylation reaction. 

In a study reported by the group of McFadden, a combination of covalent and non-

covalent binding was used to functionalize SWCNTs with three different molecules of 

interest: i) the anti-cancer drug DOX, ii) a monoclonal antibody for molecular targeting, 

and iii) a fluorescent probe for imaging. 96  The selected antibody recognizes a 

carcinoembryonic antigen, which is a tumor marker for the identification of metastatic 

diseases. SWCNTs were labeled with fluorescein to allow the colocalization of CNTs and 

fluorescent DOX inside the cells. Bovine serum albumin (BSA) was used to covalently link 

both the antibody and fluorescein to SWCNTs as it contains 60 amino groups from the 

lysine side chains and 99 carboxylic groups from the glutamic and aspartic acid residues. 

First, some amino functions of BSA were derivatized with fluorescein and the remaining 

amino groups were then coupled to COOH functions of oxidized SWCNTs, which were 

previously loaded with DOX by adsorption on the nanotube sidewall. Finally, the antibody 

was coupled to the carboxylic functions of BSA. This approach is original, but rather 

complex, and it suffers from a thorough characterization and precise determination of the 
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levels of functionalization. The uptake experiments showed that the CNT conjugates were 

internalized into cancer cells with subsequent intracellular release of DOX, probably 

triggered by the lower pH inside endosomes. The drug translocated then to the nucleus 

to exert its cytotoxic action, while the nanotubes remained into the cytoplasm.  

By combining covalent and non-covalent functionalization, Yang et al. 97 reported the 

decoration of MWCNTs with magnetite nanoparticles and subsequent loading with an 

anticancer drug for application as lymphatic targeted drug delivery systems (Scheme 

I.16). Grafting polymerization of acrylonitrile was performed in micelles of MWCNTs 

obtained by dispersion with sodium dodecylbenzene sulfonate. After hydrolysis of 

polyacrylonitrile moieties, polyacrylic acid (PAA)-functionalized MWCNTs were obtained 

with a PAA grafting ratio of 15% in weight. Chemical co-precipitation of Fe2+ and Fe3+ 

salts onto the surface of PAA-functionalized MWCNTs dispersed in water led to a uniform 

coating of Fe3O4 nanoparticles, providing high magnetic susceptibility to the MWCNT 

hybrids. The cancer chemotherapy drug gemcitabine was then loaded by physisorption 

on the doubly functionalized MWCNTs. After subcutaneous administration in rats, the 

functionalized MWCNTs were taken up into lymph vessels under the guidance of a 

magnetic field. Gemcitabine was delivered with high efficiency into lymphatic nodes of 

the rats due the EPR effect. This work highlights the possibility to target CNTs to specific 

areas thanks to the combination with magnetic nanoparticles.  

 
Scheme I.16: Triple functionalization of carbon nanotubes with gemcitabine, polyacrylic acid and Fe3O4 
nanoparticles. 

In another study, MWCNTs were rendered magnetic by decoration with metallic iron 

nanoparticles. They were also functionalized with DOX and folate or fluorescein to exploit 

the CNT-based nanohybrids as dual-targeted drug nanocarriers to cancer cells.98 To this 

aim, the MWCNTs were oxidized and Fe3+ salts were adsorbed on the nanotube surface 

and subsequently transformed to iron nanoparticles of 5-7 nm in diameter by heat 

treatment and reduction using hydrogen. The carboxyl functions of oxidized MWCNTs 

loaded with iron nanoparticles were then derivatized with folic acid conjugated with 

hexamethylenediamine (HMDA) and/or FITC conjugated to HMDA. Finally, doxorubicin 

was adsorbed on the nanotube surface by !-stacking (Scheme I.17). Due to the presence 

of both folic acid and the magnetic iron nanoparticles, the MWCNT conjugates were 

guided to the location of cancer cells by applying an external magnetic field. The release 
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of DOX into HeLa cells was improved by NIR exposure via a thermal process. Taken 

together, these data demonstrate that the use of both biologically active and 

magnetically passive targeting allows to increase the delivery efficiency of DOX in vitro 

by 6-fold in comparison to the free drug. 

 
Scheme I.17: Triple functionalization of carbon nanotubes with HMDA, iron nanoparticle and doxorubicin. 

Finally, an original approach for the non-covalent triple functionalization of SWCNTs was 

proposed by Holzinger et al. and applied to the development of biosensors.99 Three 

different pyrene derivatives were simultaneously immobilized on the nanotube surface by 

!-stacking in a one-step reaction by simple dip coating (Scheme I.18). This procedure 

was performed on nanotube coated electrodes for the elaboration of multivalent 

biosensors. Adamantane-pyrene, biotin-pyrene, and nitrilotriacetic acid (NTA)-pyrene 

were adsorbed on the nanotube sidewall to allow the step-by-step immobilization of "-

cyclodextrin modi#ed glucose oxidase (GOX) via supramolecular host-guest interactions 

with the adamantane groups, biotinylated GOX via avidin bridges, and histidine modi#ed 

GOX via coordination with the NTA-Cu2+ complex. The presence of the functional groups 

was assessed by amperometry after subsequent immobilization of the biomolecules. This 

method is fast and reproducible and can be also extended to prepare new multifunctional 

composite material. 

 
Scheme I.18: Triple functionalization of carbon nanotubes with pyrene linked to different molecules: 
adamantane, biotin and nitrilotriacetic acid. 

Overall, the different methods developed for the triple functionalization of CNTs allow 

imparting a combination of properties to the nanotubes, which is particularly needed for 

the use of functionalized CNTs in nanomedicine. 
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I.4 Conclusion 

 

The increasing importance of nanotechnology in the biomedical field and the recent 

progress of nanoscience and biomedicine have spurred the development of highly 

advanced nanoscale drug delivery systems with multiple functions and complex 

capabilities. The main advantage of nanocarriers resides in the possibility to impart 

multifunctionality. Indeed, multimodal nanosystems with targeting, imaging, and drug 

delivery capabilities within a single nanoscale construct hold tremendous promise in the 

treatment of different types of diseases and in particular for cancer therapy. Theragnosis, 

which combines simultaneous diagnostics and therapeutics, represents a new modality 

that utilizes therapy and real-time non-invasive in vivo imaging. This specific combination 

of functions can provide biodistribution information, opportunities to study therapeutic 

mechanisms, and strategies for improving therapeutic efficacy and reducing side effects. 

The unique structural properties of carbon nanotubes make this material a promising tool 

for nanoscience, in particular nanomedicine. The insolubility of CNTs in organic and 

aqueous solutions is the main drawback of this material, but it can be easily overcome by 

covalent and non covalent functionalization of their surface. The exploitation of different 

reactions permits the covalent link to cargos of various nature, such as drugs or protein, 

and the increase of CNTs dispersibility. On the other hand, the hydrophobic, aromatic 

surface of CNTs has been widely used to adsorb material via non-covalent interactions 

avoiding the modification of the external lattice and permitting a high degree of 

functionalization. Due to the high specific surface area of CNTs, multiple copies of 

different molecules can be introduced on the nanotube surface, permitting a multiple 

functionalization of the material. All these characteristics make carbon nanotubes a 

suitable material for applications in the biomedical field, such as drug and gene delivery, 

bioimaging, biosensor production. 

  



CHAPTER I  Introduction 

!

!""!

I.5 Objects of the Thesis 

 

The aim of this thesis is the functionalization of multi-walled CNTs to obtain derivatives 

able to deliver nucleic acids. In particular, the attention has been focused on the 

complexation of the cationic CNTs with siRNA (small interfering RNA) and on the delivery 

to specific intracellular organelles as mitochondria. In the latter case, the nucleic acids 

would be delivered inside mitochondria to cure mitochondrial diseases, induced by 

genetic mutations. 

In the first part of the work, a library of different compounds with dendrimeric structures 

will be prepared changing the positive terminal portions (ammonium or guanidinium 

moieties), that are necessary to complex the genetic material, and varying also the 

degree of dendrimer complexity, e.g. using various generations. The newly synthesized 

branched units will be anchored to the nanotubes through amidation reactions and “click” 

reactions and the ability of the final conjugates to interact with the genetic material and 

to enter into cells will be investigated. 

 

In the second part of the thesis, a new gene delivery system based on MWCNTs able to 

target mitochondria will be prepared conjugating an endogenous targeting peptide (MTS) 

known for its preferential localization into mitochondria. So, the fluorescently-labeled 

MTS and a dendron molecule will be anchored to the nanotubes, leading to a conjugate 

bearing at the same time a target unit (MTS) and positive charges, necessary for the 

complexation with genetic material.  

The localization of this new construct will be studied in cells, by means of microscopic 

techniques, such as fluorescent microscopy, confocal microscopy and TEM. Moreover the 

effect of the conjugate on the cellular and mitochondrial viability, in vitro studies will be 

performed. 
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Chapter II: Dendron-Functionalization of MWCNTs 
 

II.1 Project objectives 

 

The aim of this part of the thesis is the functionalization of multi-walled CNTs with 

positively charged ramified molecules for the delivery of nucleic acids. In particular, I 

have focused my attention to the complexation of the cationic CNTs with siRNA (small 

interfering RNA). For this purpose a library of different compounds with dendrimeric 

structure has been synthesized. Each of these molecules bears at its termini positively 

charged groups, such as ammonium or guanidinium moieties, that are necessary for an 

effective complexation of the final nanostructure with the genetic material. The newly 

synthesized dendrimeric units have been then anchored to the nanotubes core through 

different synthetic approaches, including amidation reactions and click reactions. The 

ability of the final nanoconjugates to interact with the genetic material has been 

investigated by means of standard electrophoretic techniques. Finally the uptake of the 

nanotubes was assessed on A549 cells. 

 

II.2 Introduction 

 

II.2.1 Cellular uptake of carbon nanotubes 

 

It is known that carbon nanotubes have the ability to cross cellular membranes mainly 

following two routes: a nanoneedle mechanism$ or endocytosis.% The first mechanism is 

energy independent and it is a peculiar way exploited by carbon nanotubes to enter 

inside the cells. The particular structure of this material, characterized by the cylindrical 

shape and high aspect ratio, permits the interaction with the cellular membrane and the 

diffusion of the nanotubes inside cells, without any damage of their membrane. For the 

first time, Pantarotto et al.1 demonstrated, using transmission electron microscopy, the 

CNTs uptake by HeLa cells through the nanoneedle mechanism. The used CNTs were 

covalently functionalized with pyrrolidines bearing a triethylene glycol chain (Fig. II.1A). 

Confocal microscopy studies showed the localization of CNTs mainly in the perinuclear 

zone and further investigations found that the cellular uptake of the material occurred 

also under endocytosis inhibiting conditions, confirming a non-energy dependence of the 

overall process (Fig. II.1B).2 
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Figure II.1: A) TEM image of HeLa cells treated with ammonium-SWCNTs. In the image one CNT is crossing 
cellular membrane, through “nanoneedle” mechanism. Scale bar corresponds to 100 nm.$ B) Confocal 
microscope image of A549 cells treated with fluorescein-functionalized SWCNTs (green). The plasma membrane 
is stained in red and the nucleus in blue. Scale bar corresponds to 20 !m.% 

The second mechanism is energy dependent and involves the formation of membrane 

vesicles to internalize the carbon material. Dai and co-worker3 demonstrated that CNTs 

internalization decreased drastically under energy inhibiting conditions, suggesting the 

endocytosis as possible uptake mechanism. The main difference between the two works 

is the approach exploited to functionalize CNTs. In the first case the covalent approach 

was used, whereas Dai exploited the non-covalent approach to bind protein and DNA on 

the surface of CNTs, obtaining nanomaterial with a bigger size than CNTs covalently 

functionalized. Based on these results, Kostarelos et al.% hypothesized that the size of the 

material and the degree and type of CNTs functionalization could be the characteristics 

that allow to discriminate between the two uptake mechanisms. 

As a consequence of the discovery of this behavior, in the last years the ability of carbon 

nanotubes to enter inside the cells has been widely exploited to obtain efficient drug 

delivery systems. In this context different types of drugs have been linked to CNTs via 

covalent and non-covalent approaches and the pharmacological effects of the resulting 

conjugates have been studied.  

 

II.2.2 Carbon nanotubes as gene delivery systems 

 

Gene delivery is an emerging approach to treat genetic diseases, based on the correction 

of mutated genetic material through the translocation of one or more healthy genes into 

diseased cells, during a process called “genic transfection”. However, since genetic 

material cannot reach alone the cellular target due to the occurring of enzymatic 

degradative processes, the conjugation of the genetic material to an opportunely 

designed delivery system is necessary in order to protect the oligonucleotide sequences 

and to internalize them into the cells. The most exploited strategy to transfer gene is the 

A B 
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use of cationic systems able to interact electrostatically with the genetic material forming 

a reversible complex. In 2004 Pantarotto et al.# reported for the first time the use of 

carbon nanotubes as gene delivery system. In this work SWCNTs have been 

functionalized by 1,3-dipolar cycloaddition with a TEG chain ending with positive charged 

ammonium group (Fig. II.2A), able to complex plasmid DNA (pDNA). TEM images of the 

supramolecular complex CNT/pDNA showed a packing of genetic material condensed 

onto bundles of nanotubes (Fig. II.2B-C). 

 
Figure II.2: Structure of positively charged functionalized SWCNTs (A) and TEM images of SWCNTs complexed 
with plasmid DNA (B and C).# 

After incubation of the complexes for 48 hours with CHO (chinese hamster ovary) cells, 

the gene expression of !-galactosidase was ten times higher than naked pDNA, without 

showing any toxicity effect, frequent problem for other non-viral gene delivery systems. 

In the last decade, a new promising therapeutic strategy for gene delivery has been 

explored using small interfering RNA (siRNA). RNA interference (RNAi) is a process that 

occurs normally in nature to defend cells against viruses and control the gene 

expression, inducing gene silencing through siRNA, a double stranded RNA composed by 

20-25 nucleotides. Since this process takes place in the cytoplasm,4 gene therapy using 

siRNA offers an important advantage in comparison with the delivery of DNA, which 

instead needs to reach the nucleus. The use of siRNA has been already demonstrated 

efficient to inhibit and knockdown specific genes with a high affinity and specificity to the 

target sites and a high potency to silence the targeted genes.5 The main limits in the 

employment of this material are its instability, in particular in vivo, and its low cellular 

uptake, due to endogenous enzymes degradation and morphological features, such as 

the dimension and the negative charge of the molecule, which prevent the crossing of 

the cellular membrane. These drawbacks led the researchers to design different delivery 

systems to protect siRNA from nuclease degradation and to facilitate its cellular uptake, 

like cationic polymers, liposome, or nanoparticles.6 In 2005 Kam et al.7 reported for the 

first time the efficient use of SWCNTs as carrier for siRNA. In this study the non-covalent 

approach has been used to adsorb a phospholipid chain linked to poly(ethylene glycole) 
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(PL-PEG) while a siRNA sequence was covalently attached by a cleavable disulphide 

linkage at the extremity of PL-PEG (Fig. II.3). 

 
Figure II.3: A) Functionalization of SWCNT with PL-PEG linked to genetic material via cleavable bond. B) and 
C) Silencing effects detected by confocal microscope images of silencing assay of untreated HeLa cells and cells 
treated with siRNA-PL-PEG-SWCNTs respectively. The weaker fluorescence of C) is due to the silencing effect of 
lamin protein. Adapted from Kam, N. W. S., et al. 2005.$ 

In this way, once inside endosomes or lysosomes, thiol-reducing enzymes and the acid 

pH inside these organelles could cleave the disulphide linkage, permitting the release of 

genetic material. Indeed, PL-PEG-siRNA carbon nanotubes were incubated in HeLa cells 

and the silencing studies demonstrated the efficient delivery of specific siRNA and its 

related silencing effect, higher than the control lipofectamine. In this study the use of a 

specific siRNA able to knock-down the gene encoding for the lamin protein has been 

employed to study the silencing activity using confocal microscope. 

Since then, other groups reported the efficacy of CNTs as transfection agent for siRNA, 

and the first in vivo study of delivery this genetic material was reported by Yang and co-

workers.8 In this work ammonium functionalized SWCNTs have been complexed with a 

specific siRNA and it was demonstrated the ability of the complex to target and silence 

the expression of telomerase reverse transcriptase (TERT), inhibiting consequently the 

cellular proliferation and promoting tumor suppression both in vitro and in vivo. A 

promising approach for gene delivery is represented by polycationic derivatives which 

shown the ability to efficiently complex and compact the genetic material.9  In this 

context, in 2009 the group of Prato10 reported the functionalization of MWCNTs with a 

modified positively charged PAMAM dendron and the subsequent supramolecular 

complexation with siRNA. Carbon nanotubes were initially functionalized via 1,3-dipolar 

cycloaddition and then the obtained free ammonium moieties were further modified to 

build the PAMAM dendron of first and second generation (Fig. II.4A). Increasing the 

dendron generation, the obtained material resulted more dispersed in water and after the 

complexation with a fluorescently labelled non-coding siRNA (Atto 655-labeled siRNA) 

confocal microscopy study showed the efficient internalization of MWCNT complexes into 

HeLa cells (Fig. II.4B). 
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Figure II.4: A) Functionalized MWCNTs with 2nd generation PAMAM dendron. B) Confocal microscopy images of 
HeLa cells treated with naked siRNA (top) and 2ndG-dendron-MWCNTs-siRNA using a fluorescent labelled 
dendron (Atto 655). Reproduction from Herrero, M. A., et al. 2009.$% 

Further investigations 11  on these conjugates have been reported, aimed to deeply 

investigate the biological effects of the complexes dendron-MWCNTs-siRNA. The 

electrophoretic motility of siRNA complexes showed that increasing the branching of the 

dendron structure on the material, the ability of CNTs to complex siRNA was enhanced, 

probably due to the increased dispersibility of the conjugates and to the enhanced 

degree of cationic charges on the surface of the material. The silencing effects were then 

investigated complexing 2nd-generation dendron-MWCNTs with siGFP, a specific siRNA 

able to silence green fluorescent protein (GFP), and then incubating the conjugated in 

tumor cells (A549 cells). Fourteen hours after an adenovirus infection, to induce GFP 

expression, the silencing effect was evaluated by Western blot, showing the efficient 

intracellular delivery and knock-down of the genetic material. As further confirmation of 

the silencing effect, dendron-MWCNTs were also complexed with an apoptosis inducing 

siRNA sequence (siTOX) and the conjugates were incubated on HeLa cells for 24 hours. 

After additional 48 hours, the apoptotic cells were detected by fluorescence microscopy, 

showing the cytotoxicity of the CNTs derivatives complexed with the toxic siRNA 

sequence. Overall, this study highlights the potential of these dendron-CNTs as gene 

delivery systems, demonstrating their ability to complex siRNA and to deliver it 

intracellularly, permitting the efficient biological activity of the genetic material. The 

ability of these carbon nanotube derivatives with a polycationic nature paved the way to 

further study this class of compounds. Singh et al.12 reported the functionalization of 

SWCNTs and MWCNTs with different linear polyamines, i.e. putrescine, spermidine and 

spermine (Fig. II.5). Two different approaches have been used to functionalize 

nanotubes, including amidation reaction on oxidized nanotubes and addition reaction on 

pristine material. 
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Figure II.5: Functionalization of SWCNTs and MWCNTs through arylation (top) and amidation (bottom) 
reaction with putrescine (A), spermidine (B) and spermine (C). Adapted from Singh, P., et al. 2011.$% 

Putrescine derivatives resulted the more dispersible conjugates and electrophoresis 

experiments showed an efficient complexation with siRNA just for the derivatives 

functionalized by arylation, probably due to a more homogenous functionalization on the 

surface of CNTs. 

All these works and many others13 demonstrated the ability of carbon nanotubes to 

complex genetic material and the strong influence of organic functionalization on CNTs in 

their applicability as gene delivery system. 

 

II.3 Result and discussion 

 

II.3.1 Design of dendron functionalized MWCNTs 

 

Basing on these previous works, we decided to thoroughly investigate how differently 

functionalized CNTs can interact with genetic material, in particular with siRNA. A library 

of ramified derivatives of first and second generation has been synthesized and exploited 

for CNTs functionalization. In our work, differently from the work of Herrero,$& in which 

the dendron was directly grown on the nanotubes, the ramified structures were initially 

synthesized and then coupled to the nanotubes. We decreased in this way possible 

collateral reactions with CNT backbone during the construction of the final nanomaterial. 

Moreover, on the dendron termini, instead of quaternary amine, we decided to study the 

different effect of ammonium or guanidinium groups. Guanidinium possesses a higher 

basicity in comparison to normal primary amines or fully alkyl substituted amines, with a 
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pKa in water of about 13.5, which renders this group positively charged in a wider range 

of pH, increasing the stability of the electrostatic interactions with genetic material.14  

We took into consideration, as a further variable, the coupling approach used to link 

dendrons to CNTs and consequently the length of the spacer between the carbon 

material and the ramification of the dendrons. The distance between the material and the 

terminal group of the dendron, the effective site where the complexation with the genetic 

material occurs, could play an important role. Indeed, the alkylic chains of the dendron 

could interact via hydrophobic interactions with the hydrophobic lattice of CNTs, 

preventing in this way the necessary exposition of the charged groups. Two approaches 

have been explored: A) the amidation reaction on the oxidized nanotubes tips, and B) 

the click reaction after the introduction of acetylene groups on the surface of the tubes 

(Fig. II.6). 

 
Figure II.6: Schematic representation of the two approaches used to functionalize CNTs with dendrons of 
different generations. 

In this way, using the amidation approach, dendron and subsequently the positive 

charges will be next to the core of the support, whereas exploiting the second approach a 

longer hydrophilic linker is introduced in order to have the acetylene moiety necessary 

for the click reaction. 

A third approach has been also studied, exploiting the !-! interactions between CNTs and 

dendron-functionalized pyrene (see below). 

Finally, the ability of all these derivatives to complex siRNA has been investigated, and 

preliminary cellular uptake studies of the guanidinic conjugates into A549 cells have been 

performed using optical microscopy. 
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II.3.2 Synthesis of dendrons 

 

The synthesis of dendrons is described below. Due to the high polarity of some 

intermediates and the subsequent difficulty to purify them, it has been decided to follow 

a partially convergent or a partially divergent procedure, in accordance to the different 

synthetic protocols. 

In order to achieve a sufficiently polar organic functionalization for the dendron-CNTs of 

zero generation, a commercially available diaminotriethylene glycol was mono-protected 

at the terminal nitrogen with the Boc group by treatment with di-tert-butyl dicarbonate in 

CH2Cl2 at room temperature to give the monoprotected amino-TEG derivative 1 (Scheme 

II.1). 

 
Scheme II.1: Synthesis of dendron of zero generation. a) Boc2O, CH2Cl2, overnight, 68%. 

The synthetic pathway used to obtain the first generation dendron is depicted in the 

Scheme II.2. As a first step of the synthesis, the commercially available bis-(3-

aminopropyl)amine was treated with di-tert-butyl dicarbonate in CH2Cl2 at room 

temperature, giving the terminal diprotected compound 2, after purification via column 

chromatography. Since Boc protected guanidinium conjugates were not thermally stable 

in the amidation reaction conditions, we decided to introduce this group in a second step, 

directly to the nanotubes. For this reason, dendron derivatives for the amidation 

approach have been synthesized bearing at their termini protected ammonium groups, 

while protected guanidinium-based dendrons have been produced for the click reactions. 

The addition of N-(3-bromopropyl)phtalimide to the central secondary amine group of 2, 

in presence of Na2CO3 at 75°C, produced the phatalimido-derivative 3. Subsequent 

deprotection of the phtalimide group using hydrazine hydrate brought to compound 4, 

the dendron of 1st generation, which has been then used to functionalize MWCNT via the 

amidation reaction (G1-A-amine: dendron of Generation 1, bearing Ammonium groups at 

the termini and amine at the core). In order to introduce an azide group, necessary for 

the click reaction, the free amine group of 4 was coupled with 5-azidopentanoic acid 

using EDC and HOBt as coupling agents, leading to the formation of compound 5. After 

the deprotection of Boc protective groups with hydrochloric acid, compound 6 was 

achieved and guanidinium groups were then introduced on it through the addition of 

N,N’-di-Boc-1H-pyrazole-1-carboxamidine. The compound was purified by column 

chromatography obtaining the first generation dendron 7 with an azide at the core, for 

H2N
O O NH2 H2N

O O
H
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the functionalization of MWCNTs through the click reaction (G1-G-azide: dendron of 

Generation 1, bearing Guanidinium groups at the termini and azide at the core). 

 
Scheme II.2: Synthesis of the first generation dendron. a) Boc2O, CH2Cl2, 48 h, 12 %; b) i, Na2CO3, CH3CN, 
75°C, 24 h, 77%; c) Hydrazine hydrate, EtOH/Toluene, 50°C, overnight, 92%; d) ii, EDC, HOBt, DIEA, CH3CN, 
48 h, 96%; e) HCl in dioxane, 2 h, quant.; f) iii, DIEA, CH3CN/THF, 48 h, 53%. 

In order to perform the synthesis of the second and the third generation dendron, a 

ramified building block was initially synthesized (Scheme II.3). The addition of benzyl 

bromoacetate to compound 2 and the subsequent cleavage of the benzyl group, afforded 

the formation of the dendritic derivative 9. 

 
Scheme II.3: Synthesis of the module used to increase dendron generation. a) i, DIEA, CH3CN, 48 h, 76%; b) 
H2, Pd/C, MeOH, 2h, 94%. 

The synthesis of the dendron of second generation (Scheme II.4) with an amine at the 

focal point for the coupling with CNTs, started from the cleavage of the two Boc 

protecting groups of compound 3, using hydrochloric acid, in order to have two free 

aminic functions (10) for the coupling with two molecules of compound 9. The coupling 

reaction was performed using EDC and HOBt and afforded the formation of compound 

11, that, after the deprotection of the phtalimide group via hydrazine treatment, led to 

the second generation dendron for the amidation coupling to MWCNTs (12, G2-A-amine). 
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Scheme II.4: Synthesis of the second generation dendron (G2-A-amine). a) HCl in dioxane, 2 h, quant.; b) 
EDC, HOBt, DIEA, CH3CN, 48 h, 71%; c) Hydrazine hydrate, EtOH/Toluene, 50°C, overnight, 71%. 

The synthesis of the second generation dendron bearing an azide at the focal point (G2-

G-azide), started from compound 6 and followed basically the synthesis of compound 12 

(Scheme II.5). Firstly the free amine groups were coupled to the ramified module 9, 

using EDC and HOBt, affording compound 13. Then, the removal of Boc protecting group 

led to the free amino derivative 14, further modified introducing Boc protected 

guanidinium groups by addition of N,N’-di-Boc-1H-pyrazole-1-carboxamidine. In this way 

the second generation dendron 15 was obtained after purification through column 

chromatography and the presence of the azide group at the core of the molecule has 

been then exploited to link the dendron to CNTs via click chemistry. 
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Scheme II.5: Synthesis of the second generation dendron (G2-G-azide). a) EDC, HOBt, DIEA, CH3CN, 72 h, 
54%; b) HCl in dioxane, 2 h, quant.; c) i, DIEA, CH3CN/THF, 48 h, 65%. 

Dendron of third generation has been also synthesized using the same synthetic 

approach (Scheme II.6) exploited for compound 15, starting from compound 14 and 

then easily increasing the generation dendron, to achieve the final compound 18, purified 

by column chromatography (G3-G-azide). 
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Scheme II.6: Synthesis of the third generation dendron (G3-G-azide). a) EDC, HOBt, DIEA, CH3CN, 72 h, 
32%; b) HCl in dioxane, 2 h, quant.; c) i, DIEA, CH3CN/THF, 48 h, 36%. 
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Herein, we have described the synthesis of a new class of dendron functionalized at the 

focal point with amine or azide groups and with Boc protected ammonium or guanidinium 

moieties at their termini. 

 

II.3.3 Oxidation of MWCNTs 

 

For the preparation of the cationic CNTs, MWCNTs from “Nanostructured and Amorphous 

Materials” (NanoAmor) Inc. (USA) were used. The average diameter of the pristine 

material was 20-30 nm, while the length ranged from 0.5 to 2 !m. The first step in the 

functionalization of carbon nanotubes was the oxidation of the pristine material, treated 

with a mixture of sulphuric and nitric acid (3:1, v/v) under sonication for 24 hours 

(Scheme II.7). 

 
Scheme II.7: Oxidation reaction of carbon nanotubes. a) H2SO4, HNO3, sonication, 24 h. 

The oxidation treatment resulted in the formation of shortened and opened carbon 

nanotubes, creating defects on the sidewall of the material and carboxylic functions 

mainly at the nanotube tips. 

 
Figure II.7: TEM images of pristine (A) and oxidized (B) MWCNTs. Scale bar corresponds to 100 nm. 

The structure of the oxidized CNTs (ox-MWCNTs) was analyzed by TEM, showing more 

dispersed nanotubes, with few bundles in comparison with the starting material, and not 

relevant alteration in the tubular structure of the material (Fig. II.7). Only a decrease in 

the length was observed, as expected, and evaluated by a statistical analysis performed 

on individualized nanotubes. The average length of ox-MWCNT determined from 150 

measurements was 0.26 !m (Fig. II.8A). 

COOH

COOH

COOH

HOOC

a)

C1

A B 



CHAPTER II  Dendron-functionalization of MWCNTs 
!

!"#!

 
Figure II.8: Length distribution of ox-MWCNTs (A) and TGA curves of pristine and oxidized MWCNTs (B). 

Thermogravimetric analysis (TGA) is a technique widely used to quantify the degree of 

functionalization of CNTs and the thermal stability of the conjugates. This analytical 

technique permits to study the decomposition of the derivatives as a function of the 

temperature, usually under inert nitrogen atmosphere. Pristine CNTs are stable up to 

700°C, while organic functions start to burn at 200-300°C. Generally, between 350°C 

and 500°C all organic groups attached to carbon nanotubes are lost. Above 500°C there 

is the possibility of a contribution of the oxidation of carbon nanotubes. The choice of 

500°C permits to be sure that at least all functional groups are removed and that the 

nanotubes are not burning. In this way correlating the weight loss percentage of two 

different derivatives at 500°C is possible to obtain the degree of functionalization of the 

material. Concerning the oxidized CNTs, TGA showed a weight loss of 7.0% 

corresponding to an amount of carboxylic group about of 1.6 mmol/g. 

 

II.3.4 Functionalization of MWCNTs with dendrons 

 

II.3.4.1 Functionalization of MWCNTs via the amidation reaction 

 

The carboxylic groups present on the CNTs have been modified via amidation reaction to 

obtain the conjugates dendron-CNTs of generation zero, 1st and 2nd, bearing ammonium 

or guanidinium groups at their termini. Oxidized MWCNTs have been refluxed under 

argon atmosphere in neat oxalyl chloride for 24 hours, to achieve the reactive acyl 

chloride, as intermediate. After evaporation of the reagent, CNTs were dispersed in dry 

THF. The corresponding amide conjugates were obtained under reflux in the presence of 

one of the three different Boc protected derivatives, 1, 4 or 12. After the treatment with 

a solution of hydrochloric acid, the resulted ammonium-derivatives MWCNTs-G0-A, 

MWCNTs-G1-A and MWCNTs-G2-A were characterized by TGA and Kaiser test, a 

A B 
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quantitative test used to determine the amount of ammonium groups. In order to obtain 

guanidinium-dendron-MWCNTs (G-D-MWCNTs), N,N’-bis(tert-butoxycarbonyl)-1H-

pyrazole-1-carboxamidine reacted with MWCNTs C3, C7 and C11 and, after the 

deprotection of the Boc group with hydrochloric acid solution, the final guanidinium 

derivatives of zero, 1st and 2nd generation C5, C9 and C13 were obtained (Scheme II.8-

9-10).  

 

Scheme II.8: Synthetic scheme of the functionalization of CNTs with dendron of generation 0th. a) 1. 1, 
(COCl2), THF, 65°C, 72 h; 2. HCl in dioxane, overnight; b) 1. i, DIEA, DMF, 48 h; 2. HCl in dioxane, overnight. 

 

Scheme II.9: Synthetic scheme of the functionalization of CNTs with dendron of generation 1st. a) 1. 4, 
(COCl2), DMF, 65°C, 72 h; 2. HCl in dioxane, overnight; b) 1. i, DIEA, DMF, 48 h; 2. HCl in dioxane, overnight. 

 

Scheme II.10: Synthetic scheme of the functionalization of CNTs with dendron of generation 2nd. a) 1. 12, 
(COCl2), DMF, 65°C, 72 h; 2. HCl in dioxane, overnight; b) 1. i, DIEA, DMF, 48 h; 2. HCl in dioxane, overnight. 
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II.3.4.2 Functionalization of MWCNTs via the click reaction 

 

Cu-catalysed Huisgen cycloaddition, often called “click reaction”, is a 1,3-dipolar 

cycloaddition reaction between azides and alkynes, affording 1,2,3-triazoles. The wide 

exploitation of this reaction is due to its favourable properties, such as high reaction 

yield, easy reaction conditions, good reproducibility. 15  Different works reported the 

efficient use of click chemistry to link a variety of molecules to carbon nanotubes,16 such 

as polymer,17 dendrons,18 and biomolecules.19 

Due to these characteristics, we decided to link dendrons to MWCNTs through this 

approach. Initially, we decided to functionalize MWCNTs through 1,3 dipolar 

cycloaddition, using a TEG !-amino acid bearing an acetylene group on its extremity. The 

five-step synthesis of the amino acid is depicted in Scheme II.11 and started from the 

commercially available 2-[2-(2-chloroethoxy)ethoxy]ethanol. The terminal hydroxyl 

group could be easily converted into acetylene, preserving the integrity of chloride group. 

The OH nucleophilic substitution of the triethylene glycol chain with propargyl bromide 

was performed in dry THF in the presence of NaH, obtaining the acetylene derivative 

19.20 The following treatment with sodium azide in DMF achieved the substitution of 

chloride with an azide moiety (compound 20).21 The azide has been then reduced to 

amine under treatment with triphenylphosphine, affording compound 21. The addition of 

tert-butyl bromoacetate on the resulted amine group and the subsequent deprotection of 

the benzyl group led to the formation of the desired amino acid 23. 

 
Scheme II.11: Synthetic pathway of !-amino acid 23, bearing an acetylenic group at the terminal. a) i, NaH, 
THF dry, overnight, 79%; b) NaN3, KI, DMF, 80°C, overnight, 72%; c) PPh3, THF/H2O, 55°C, overnight, 69%; 
d) ii, TEA, CH2Cl2, 48 h, 62%; e) TFA, CH2Cl2, 48 h, 81%. 

Since at the best of our knowledge 1,3-dipolar cycloaddition was not reported using this 

kind of amino acid, we decided to perform the reaction on C60 as reference compound, in 

order to prove the regioselective addition of azomethine ylide to the fullerene backbone 

and subsequently to study the occurring of the click reaction. The reaction was 

performed using standard conditions in the presence of compound 23 and 

paraformaldehyde in toluene under reflux. Checking the progression of the reaction by 
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thin-layer chromatography (TLC), after 30 minutes the reaction was stopped and the 

mono-adduct was purified by column chromatography. 

 
Scheme II.12: Fullerene functionalization via 1,3 dipolar cycloaddition and subsequent click reaction. a) 23, 
(CH2O)n, Toluene, Reflux, 30 min., 36%; b) 7, CuSO4, sodium ascorbate, CH2Cl2/H2O, 24 h, 18%. 

Once obtained the desired fullerene derivative 24, the dendron of first generation (G1-G-

azide) was coupled to C60 via click chemistry, in the catalytic presence of CuSO4 and 

sodium ascorbate. The obtained dendron-fullerene 25 (Scheme II.12) was purified by 

column chromatography and characterized by 1H NMR and by mass spectrometry. 

Following these results 1,3-dipolar cycloaddition of azomethine ylide was performed on 

oxidized MWCNTs. The material was suspended in DMF and, after 30 minutes of 

sonication in a water bath, the dispersion was refluxed at 115°C for 5 days adding 

paraformaldehyde and acetylene !-amino acid 23 in portions every day (Scheme II.13).  

 
Scheme II.13: 1,3-dipolar cycloaddition reaction using acetylene-amino acid. a) 23, (CH2O)n, DMF, 115°C, 5 
days. 

After purifying the carbon nanotubes by filtration and dialysis, the material was 

characterized by termogravimetric analysis showing a functionalization of 50 "mol/g. 

Since this degree of functionalization was quite low, we decided to change the approach 

and exploit the amidation reaction to firstly functionalize directly the lattice of nanotubes 

using a solubilizing chain (i.e. triethylene glycol chain) and in a second step bind 

dendrons via click reaction after the introduction of an acetylene group. 

Coupling reaction of carbon nanotube C2 with an excess of hexinoic acid, using EDC and 

HOBt, afforded compound C15 bearing an acetylene group (Scheme II.14). 
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Scheme II.14: Synthetic scheme of the MWCNTs-acetylene derivative. a) i, EDC, HOBt, DIEA, DMF, 72 h. 

Different works reported the exploitation of click chemistry to functionalize CNTs, using 

different conditions: e.g. CuSO4, CuI, CuBr and [Cu(MeCN)4PF6] are the most used 

catalysts. Beside the copper catalyst, a base and triazoles, or tris-triazolyl ligands, are 

often necessary to perform the click reaction. Triazoles are used to accelerate the 

reaction, acting as stabilizer of CuI oxidation state, whereas tris-triazolyl ligands are also 

inhibitor of side reaction catalyzed by CuII.22 In this work we decided to follow the same 

procedure described by the group of Campidelli to functionalize SWCNT,#$ employing 

[Cu(MeCN)4PF6] as catalyst, 2,6-lutidine as base, and tris-

(hydroxypropyltriazolylmethyl)amine (THPTA) as stabilizer. So it was necessary to 

synthesize THPTA, following a protocol already reported by the group of Wang23 and 

summarized in the Scheme II.15. Bromine of 3-bromo-1-propanol was firstly converted 

in azide, achieving compound 26, and then reacted with tripropargylamine in the 

presence of [Cu(MeCN)4PF6] and 2,6-lutidine, affording the formation of the desired 

THPTA 27, purified by precipitation. 

 
Scheme II.15: Synthetic scheme for the synthesis of the ligand THPTA. a) NaN3, EtOH/H2O, 70°C, 24 h, 70%; 
b) i, 2,6 Lutidine,  [Cu(MeCN)4PF6], CH3CN/MeOH, 72 h, 26%. 

First and second generation dendron-functionalized MWCNTs C17 and C19 were 

synthesized by mixing MWCNTs C15 and dendron 7 or 15, respectively, with 

[Cu(MeCN)4PF6], 2,6-lutidine and 27, as described in Scheme II.16. 
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Scheme II.16: Synthetic scheme of the functionalization of CNTs with dendron of 1st and 2nd generation 
through click reaction. a) 1. 7, 2,6 Lutidine, Cu(MeCN)4PF6, 27, NMP, 72 h; 2. HCl in dioxane, overnight; b) 1. 
15, 2,6 Lutidine, Cu(MeCN)4PF6, 27, NMP, 72 h; 2. HCl in dioxane, overnight.  

 

II.3.4.3 Functionalization of MWCNTs via non-covalent interaction 

 

In order to investigate the non-covalent approach to functionalize CNTs and the resulted 

effect in the complexation of genetic material, dendron derivative 28 was synthesized 

through click chemistry under classical conditions. Cross coupling between the dendron 

of first generation 7 and the mono acetylene pyrene have been performed in the 

presence of CuSO4 and ascorbic acid affording, after the deprotection of the Boc groups 

in hydrochloric acid, the final compound 28, purified by HPLC (Scheme II.17). 

 
Scheme II.17: Synthesis of dendron-pyrene derivative. a) 1. 7, CuSO4, sodium ascorbate, THF/H2O, 
overnight; 2. HCl in dioxane, 2 h, 10%. 

The pyrene derivative was then adsorbed to pristine MWCNTs, using two types of starting 

material, MWCNTs purchased by NanoAmor and by Nanocyl (Scheme II.18). After 

removing the excess of unbound pyrene derivative by centrifugation, the resulted 
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material was studied for the siRNA complexation without any further modification (see 

below). 

 
Scheme II.18: Adsorption of pyrene derivative onto the surface of MWCNTs. a) 28, MeOH, overnight. 

Two different pristine nanotubes have been used for this experiment in order to compare 

the complexation properties of the pyrene derivative when interacting with these 

materials. Both of them are MWCNTs but they differ in the length and the diameter, as 

shown in Table II.1 CNTs purchased by Nanocyl are thinner and longer in comparison 

with the material from NanoAmor. The main difference between the two pyrene-

complexes resulted in the higher dispersibility of the NanoAmor conjugate in comparison 

with the Nanocyl conjugate, property of great importance for the cellular studies, since 

the insolubility of the material could induce some cytotoxicity.  

 Length (nm) Diameter (nm) 

NanoAmor From 0.5 to 2 !m 20-30 nm 

Nanocyl 1.5 !m 9.5 nm 

Table II.1: Lengths and diameters of MWCNTs purchased by NanoAmor and Nanocyl. 

 

II.3.5 Characterization of the nanomaterials 

 

The obtained dendron-conjugates of different generations were then characterized by 

TGA, Kaiser test and TEM to confirm the functionalization. 

The degree of functionalization was evaluated by thermogravimetric analysis under 

nitrogen atmosphere, calculating the weight loss from the curves at 500°C. Comparing 

the thermogravimetric profiles of the different intermediates, it was possible to calculate 

the functionalization value to each conjugate (Fig. II.9). 
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Figure II.9: Thermogravimetric curves of MWCNT-G0 (A), MWCNT-G1 (B), MWCNT-G2 (C) and MWCNT-Click-
G1 and G2 (D) and their intermediates. 

Quantitative Kaiser test24 has been also used to estimate the amount of free primary 

amino groups. Since the guanidinium groups can interfere with the test, without being 

properly quantified directly by Kaiser test, the functionalization of the final compound 

(MWCNT-Gx-G, where “x” means 0, 1 or 2) has been obtained as follow. The Kaiser test 

was performed immediately after the coupling reaction with N,N’-bis(tert-

butoxycarbonyl)-1H-pyrazole-1-carboxamidine. The presence of the Boc protection 

guarantees the absence of any interference and the obtained value corresponds to the 

unreacted amine groups. So the difference among the quantity of free amines of the 

precursors (MWCNT-Gx-A) and the quantity of unreacted amines present after the 

coupling gives the quantity of the introduced guanidinium groups. Concerning the 

conjugates obtained by click reaction, the results obtained by TGA have been compared 

with TGA and Kaiser test values of the acetylenic intermediate C15, in order to evaluate 

the occurring of the click reactions. 

In Table II.2, TGA and Kaiser test values have been processed to obtain the degree of 

functionalization for every conjugate, showing a good agreement between the two 

techniques. 
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 MWCNT-
G1-A 

MWCNT-
G1-G 

MWCNT-
G2-A 

MWCNT-
G2-G 

MWCNT-
Click-G1-G 

MWCNT-
Click-G2-G 

MWCNT-
Acetylene 

TGA 120 !mol/g 145 !mol/g 80 !mol/g 60 !mol/g 80 !mol/g 50 !mol/g 80 !mol/g 
Kaiser Test 140 !mol/g 80 !mol/g 60 !mol/g 40 !mol/g / / 100 !mol/g 

Table II.2: Degree of functionalization of dendrons-MWCNTs conjugates, obtained from the TGA and the 
Kaiser test values. Data showed a good correlation between the results obtained with the two analyses. 

TGA curves showed a weight loss of the pyrene-MWCNTs derivative of 9.6 and 10.8% 

corresponding to a functionalization of 140 and 155 !mol/g for the conjugate C20 and 

C21, respectively. 

The morphology of the materials was observed by TEM, confirming the unchanged lattice 

of the carbon nanotubes after the chemical treatments employed to obtain the 

conjugates. 

 

 
Figure II.10: TEM images of MWCNT-G0-A (A), MWCNT-G1-A (B), MWCNT-Click-G2-A (C) and of the 
corresponding guanidinium derivatives (D, E, F). (G, H) TEM images of MWCNT-Click of 1st and 2nd generation 
respectively. (I, J) TEM images of pyrene derivative complexed with MWCNTs NanoAmor and Nanocyl, 
respectively. Scale bar corresponds to 200 nm. 

A 

F E D 

C B 

G 

J I 

H 



CHAPTER II  Dendron-functionalization of MWCNTs 
!

! "#!

II.3.6 Complexation study with siRNA 

 

The complexation of the genetic material with dendron functionalized MWCNTs was 

determined by agarose gel electrophoresis. Initially some preliminary studies have been 

performed complexing the cationic MWCNTs with pDNA, using different charge/ratios, 

1:1, 1:5 and 1:25 (Fig. II.11). All the tested conjugates showed the ability to complex 

the genetic material, at least at the highest ratio. In particular the best complexation 

efficiency was observed for the CNTs functionalized with guanidinium-dendron of first 

generation through amidation reaction (C9). 

 
Figure II.11: Electrophoretic motility of pDNA complexes with MWCNTs functionalized with guanidinium-
dendrons through amidation and click reaction. 

From these promising results, we decided to extend the study to the complexation with 

siRNA, which we demonstrated to have a higher potential for biomedical applications.25 

Indeed, in previous works,26 even if electrophoretic studies showed a good complexation 

of the nanotubes with pDNA, CNTs/pDNA complexes led to low transfection effect, 

probably due to the strong interaction with the nanotubes, preventing in this way the 

translocation of the genetic material into the nucleus. Moreover, the use of siRNA 

possesses a great advantage over the DNA in gene therapy, because the gene silencing 

occurs in the cytoplasm and do not need to reach the nucleus to obtain the desired genic 

effect, as already mentioned. 

Agarose gel electrophoresis has been performed on siRNA/CNTs complexes, using five 

charge ratios, from 1:1 to 1:25 (Fig. II.12). Using this technique it was possible to 

observe the difficulty of the derivatives synthesized via click chemistry (MWCNT-Click G1-

G and MWCNT-Click G2-G) to complex siRNA, despite what we previously observed in the 

study with pDNA. Indeed, at high charge ratio (siRNA/CNTs 1:25) these compounds were 

able to better complex the pDNA than siRNA. On the other hand, CNTs functionalized 

with dendron via amidation exhibit a good degree of siRNA complexation, shown by a 

reduced migration of siRNA into the gel. In particular, from the images it is possible to 
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observe that conjugates ending with ammonium groups can better complex siRNA 

(MWCNT-G1-A and MWCNT-G2-A) in comparison with the ones with guanidinium 

(MWCNT-G1-G and MWCNT-G2-G). Most noticeable, MWCNT-G2-A was able to complex 

siRNA already at low charge ratios. MWCNTs functionalized with zero generation 

dendrons showed a good degree of complexation for both ammonium and guanidinium 

derivatives. 

 
Figure II.12: Electrophoretic motility of siRNA complexed with dendron-functionalized MWCNTs through 
amidation approach and through click chemistry. 

The electrophoresis study of carbon nanotubes functionalized with pyrene derivatives 

displayed the ability of the nanotubes to complex siRNA from 1:10 and from 1:15 charge 

ratios for the functionalized MWCNTs from NanoAmor and Nanocyl, respectively (Fig. 

II.13). This result is comparable with the complexation rate of MWCNT-G1-G 

functionalized through amidation, showing no appreciable effects between the two 

synthetic approaches.  

 
Figure II.13: Electrophoretic motility of siRNA complexed with MWCNTs functionalized with dendron-pyrene 
derivatives. 
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In vitro analyses to study the potential of all these dendron derivatives as gene delivery 

carriers are currently under investigation in collaboration with Dr. Al-Jamal and Prof. 

Kostarelos in London. 

 

II.3.7 Cellular uptake study 

 

Preliminary cellular uptake studies have been then conducted in collaboration with the 

group of Dr. Al-Jamal and Prof. Kostarelos in London. The ability of guanidinium 

derivatives (Figure II.14) to enter inside cells has been studied by optical microscopy, 

with a technique already described in literature.$$ siRNA was complexed with dendron-

MWCNTs at 1:16 mass ratio and incubated into A549 cells at a concentration of 16 !g/ml 

of CNTs. The cellular uptake of the derivatives has been explored by light microscopy 

after 4 and 24 hours of incubations. A qualitative indication of the amount of CNTs 

present in the cells was obtained based on the dark signal observed at the membrane 

level or inside the cells, deriving from the nanotubes. MWCNTs-G0-G (C5) and MWCNTs-

Click G1 (C17) and G2 (C19) showed a good interaction with the cells. In particular, the 

images highlighted the presence of a massive amount of MWCNTs-Click on the cells 

already after 4 hours of incubation. On the other hand, MWCNTs functionalized through 

amidation approach with dendron of first and second generation showed a lower 

association with cells, in particular MWCNTs-G2-G (Figure II.15). This observation could 

be ascribed to the low dispersibility in water of the dendron conjugates after the 

amidation approach. 

 
Figure II.14: Structure of the CNTs derivatives used in the cellular uptake study. 
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Figure II.15: Optical microscopy images of A549 cells incubated with dendron-MWCNTs complexed with 
siRNA. The cellular interaction and uptake of different guanidinium-derivatives have been observed after 4 (first 
raw) and 24 hours (second raw) of incubation. The internalization of the conjugates increased after 24 hours, in 
particular for MWCNTs functionalized through click reaction. 

 

II.4 Conclusions 

 

A new serie of dendrons of first and second generation have been synthesized, bearing at 

their termini ammonium or guanidinium groups. The functionalization of MWCNTs was 

achieved exploiting both the covalent and the non-covalent approach, in order to study 

the different properties of the obtained nanoconjugates in the complexation of genetic 

material. 

Concerning the first strategy, the presence of an azide or an amine moiety at the focal 

point of the dendron has been exploited to link the ramified structure to CNTs via 

amidation or click reaction. In this way the distance between the nanotubes and the 

charged groups of the dendron has been altered, giving a further variable in the study of 

siRNA interaction. 

An acetylenic pyrene derivative was also bound to the dendron of first generation 

through the click reaction and subsequently adsorbed via !-! stacking onto the surface of 

CNTs. 

All the derivatives have been characterized by TGA and Kaiser test in order to evaluate 

the degree of functionalization. Their ability to interact siRNA has been investigated using 

agarose gel electrophoresis, showing that CNTs functionalized through amidation were 

more efficient in the complexation, in comparison with the ones functionalized through 

the click chemistry. Moreover, higher siRNA complexation was observed with the 

ammonium derivatives, compared to the guanidinium conjugates. Concerning the 

nanotubes functionalized with the dendron-pyrene derivative, the electrophoresis gel 

showed a good complexation of siRNA. 
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Finally, preliminary cellular studies on guanidinium derivatives showed the efficient 

cellular interaction and uptake of the guanidinium derivatives complexed with siRNA into 

A549 cells. In particular, a high cellular internalization of guanidinium derivatives 

obtained by click reaction (MWCNTs-Click G1 and G2) was observed, probably due to the 

higher dispersibility of the conjugates.  

In conclusion, between the different approaches explored in this study, the amidation 

procedure and the non-covalent strategy resulted the most attractive, due to the good 

complexation properties of the resulted conjugates. Nevertheless, the good dispersibility 

of the conjugates obtained by click chemistry and their high cellular uptake could be 

particularly interesting for the in vitro silencing studies that are currently under 

investigation. 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
II.5 Bibliography 
 
 
1 Pantarotto, D., Singh, R., McCarthy, D., Erhardt, M., Briand, J.-P., Prato, M., Kostarelos, K., and Bianco, A., 
Functionalized carbon nanotubes for plasmid DNA gene delivery, Angew. Chem. Int. Ed. 2004, 43, 5242-5246. 
2 Kostarelos, K., Lacerda, L., Pastorin, G., Wu, W., Wieckowski, S., Luangsivilay, J., Godefroy, S., Pantarotto, 
D., Briand, J.-P., Muller, S., Prato, M., and Bianco, A., Cellular uptake of functionalized carbon nanotubes is 
independent of functional group and cell type, Nat. Nanotechnol. 2007, 2, 108-113. 
3 Kam, N. W. S., Liu, Z., and Dai, H., Carbon nanotubes as intracellular transporters for proteins and DNA: an 
investigation of the uptake mechanism and pathway, Angew. Chem. Int. Ed. 2006, 45, 577-581. 
4 Meister, G., and Tuschl, T., Mechanisms of gene silencing by double-stranded RNA, Nature 2004, 431, 343-
349. 
5 a) Dykxhoorn, D. M., and Lieberman, J., The silent revolution: RNA interference as basic biology, research tool 
and therapeutic, Annu. Rev. Med. 2005, 56, 401-423. 

 b) Uprichard, S. L., The therapeutic potential of RNA interference, FEBS Lett. 2005, 579, 5996-6007. 
6 a) Aigner, A., Delivery systems for the direct application of siRNAs to induce RNA interference (RNAi) in vivo, 
J. Biomed. Biotechnol. 2006, 2006, 71659. 

b) Whitehead, K. A., Langer, R., and Anderson, D. G., Knocking down barriers: advances in siRNA delivery, 
Nat. Rev. Drug Discov. 2009, 8, 129-138. 

7 Kam, N. W. S., Liu, Z., and Dai, H., Functionalization of carbon nanotubes via cleavable disulfide bonds for 
efficient intracellular delivery of siRNA and potent gene silencing, J. Am. Chem. Soc. 2005, 127, 12492-12493. 
8 Zhang, Z., Yang, X., Zhang, Y., Zeng, B., Wang, S., Zhu, T., Roden, R. B. S., Chen, Y., and Yang, R., Delivery 
of telomerase reverse transcriptase small interfering RNA in complex with positively charged single-walled 
carbon nanotubes suppresses tumor growth, Clin. Cancer Res. 2006, 12, 4933-4939. 
9 a) Goldman, C. K., Soroceanu, L., Smith, N., Gillespie, G. Y., Shaw, W., Burgess, S., Bilbao, G., and Curiel, D. 
T., In vitro and in vivo gene delivery mediated by a synthetic polycationic amino polymer, Nat. Biotechnol. 
1997, 15, 462-466. 

b) Putman, D., Gentry, C. A., Pack, D. W., and Langer, R., Polymer-based gene delivery with low cytotoxicity 
by a unique balance of side-chain termini, Proc. Natl. Acad. Sci. USA 2001, 98, 1200-1205. 
c) Xiang, Y.-Z., Feng, Z.-H., Zhang, J., Liao, Y.-L., Yu, C.-J., Yi, W.-J., Zhu, W., and Yu, X.-Q., Linear cyclen-
based polyamine as a novel and efficient reagent in gene delivery, Org. Biomol. Chem. 2010, 8, 640-647. 

10 Herrero, M. A., Toma, F. M., Al-Jamal, K. T., Kostarelos, K., Bianco, A., Da Ros, T., Bano, F., Casalis, L., 
Scoles, G., and Prato, M., Synthesis and characterization of a carbon nanotube-dendron series for efficient 
siRNA delivery, J. Am. Chem. Soc. 2009, 131, 9843-9848. 
11 Al-Jamal, K. T., Toma, F. M., Yilmazer, A., Ali-Boucetta, H., Nunes, A., Herrero, M.-A., Tian, B., Eddaoudi, A., 
Al-Jamal, W. T., Bianco, A., Prato, M., and Kostarelos, K., Enhanced cellular internalization and gene silencing 
with a series of cationic dendron-multiwalled carbon nanotube:siRNA complexes, FASEB J. 2010, 24, 4354-
4365. 



CHAPTER II  Dendron-functionalization of MWCNTs 
!

!"#!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
12 Singh, P., Samorì, C., Toma, F. M., Bussy, C., Nunes, A., Al-Jamal, K. T., Ménard-Moyon, C., Prato, M., 
Kostarelos, K., and Bianco, A., Polyamine functionalized carbon nanotubes: synthesis, characterization, 
cytotoxicity and siRNA binding, J. Mater. Chem. 2011, 21, 4850-4860. 
13 Cheung, W., Pontoriero, F., Taratula, O., Chen, A. M., and He, H., DNA and carbon nanotubes as medicine, 
Adv. Drug Deliver. Rev. 2010, 62, 633-649. 
14 Pallan, P. S., and Ganesh, K. N., DNA triple helix stabilization by bisguanidinyl analogues of biogenic 
polyamines, Biochem. Biophys. Res. Comm. 1996, 222, 416-420. 
15 Kolb, H. C., Finn, M. G., and Sharpless, K. B., Click chemistry: diverse chemical function from a few good 
reactions, Angew. Chem. Int. Ed. 2001, 40, 2004-2021. 
16  Rana, S., and Cho, J. W., Functionalization of carbon nanotubes via Cu(I)-catalyzed Huisgen [3+2] 
cycloaddition “click chemistry”, Nanoscale 2010, 2, 2550-2556. 
17 Li, H., Cheng, F., Duft, A. M., and Adronov, A., Functionalization of single-walled carbon nanotubes with well-
defined polystyrene by “click” coupling, J. Am. Chem. Soc. 2005, 127, 14518-14524. 
18 Palacin, T., Le Khanh, H., Jousselme, B., Jegou, P., Filoramo, A., Ehli, C., Guldi, D. M., and Campidelli, S., 
Efficient functionalization of carbon nanotubes with porphyrin dendrons via click chemistry, J. Am. Chem. Soc. 
2009, 131, 15394-15402. 
19 Guo, Z., Liang, L., Liang, J.-J., Ma, Y.-F., Yang, X.-Y., Ren, D.-M., Chen, Y.-S., and Zheng, J.-Y., Covalently 
!-cyclodextrin modified single-walled carbon nanotubes: a novel artificial receptor synthesized by “click” 
chemistry, J. Nanopart. Res. 2008, 10, 1077-1083.!
20 Binauld, S., Hawker, C. J., Fleury, E., and Drockenmuller, E., A modular approach to functionalized and 
expanded crown ether based macrocycles using click chemistry, Angew. Chem. Int. Ed. 2009, 48, 6654-6658. 
21 Ghosh, P., Judd, W. R., Ribelin, T., and Aubé, J., Asymmetric total synthesis of alkaloids 223A and 6-epi-
223A, Org. Lett. 2009, 11, 4140-4142. 
22 Binder, W. H., and Sachsenhofer, R., “Click” chemistry in polymer and materials science, Macromol. Rapid 
Commun. 2007, 28, 15-54. 
23 Liu, X.-M., Thakur, A., and Wang, D., Efficient synthesis of linear multifunctional poly(ethylene glicol) by 
copper(I)-catalyzed Huisgen 1,3-dipolar Cycloaddition, Biomacromolecules 2007, 8, 2653-2658. 
24 a) Kaiser, E., Colescott, R. L., Bossinger, C. D., and Cook, P. I., Color test for detection of free terminal 
amino groups in the solid-phase synthesis of peptides, Anal. Biochem. 1970, 34, 595-598. 

 b) Sarin, V. K., Kent, S. B. H., Tam, J. P., Merrifield, R. B., Quantitative monitoring of solid-phase peptide 
synthesis by the ninhydrin reaction, Anal. Biochem. 1981, 117, 147-157. 
25 Podesta, J. E., Al-Jamal, K. T., Herrero, M. A., Tian, B., Ali-Boucetta, H., Hegde, V., Bianco, A., Prato, M., and 
Kostarelos, K., Antitumor activity and prolonged survival by carbon-nanotube-mediated therapeutic siRNA 
silencing in a human lung xenograft model, Small 2009, 5, 1176-1185. 
26 Singh, R., Pantarotto, D., McCarthy, D., Chaloin, O., Hoebeke, J., Partidos, C. D., Briand, J.-P., Prato, M., 
Bianco, A., and Kostarelos, K., Binding and condensation of plasmid DNA onto functionalized carbon nanotubes: 
toward the construction of nanotube-based gene delivery vectors, J. Am. Chem. Soc. 2005, 127, 4388-4396. 



CHAPTER III  MWCNTs for mitochondrial targeting!!
!

! ""!

Chapter III: MWCNTs for mitochondrial targeting 
 

III.1 Project objectives 

 

In this part of the thesis, I have designed and synthesized a new gene delivery system 

based on MWCNTs able to target mitochondria. The final goal of this study is the delivery 

of oligonucleotide sequences inside mitochondria to cure mitochondrial diseases, induced 

by genetic mutations. To localize the material inside these organelles, a known 

endogenous targeting peptide has been covalently bound to CNTs. In order to have a 

material able to interact with the genetic material, a double functionalization of MWCNTs 

has been performed. Using this approach a fluorescently-labeled MTS (mitochondrial 

targeting sequence) peptide and a dendron molecule have been covalently bound to the 

nanotubes, obtaining in this way a conjugate bearing the peptide for targeting the 

organelle and the positive charges for the complexation with the genetic material. 

Initially, the subcellular localization in macrophages and HeLa cells has been detected by 

microscopic technique, such as fluorescent microscopy, confocal microscopy and TEM. 

Moreover, to better study the influence of the targeting peptide to direct carbon 

nanotubes inside mitochondria and eventually to affect their viability, a double 

functionalization of the material has been performed with the MTS peptide and with a 

mitochondrial toxic peptide. Some preliminary studies on isolated mitochondria have 

been performed in order to evaluate the different toxic effects of the different 

derivatives. Finally, localization of the functionalized CNTs on mitochondria was assessed 

by TEM. 

 

III.2 Introduction 

 

III.2.1 Mitochondrial diseases 

 

Mitochondria are one of the most studied organelles of mammalian cells, due to their 

critical role in the cellular life cycles. Indeed, the mitochondria host the site of cellular 

respiration, process used for the production of ATP (source of cellular energy), and 

moreover they play a key role in cellular differentiation and death. Structurally, 

mitochondria are composed of a complex double membrane: i) the external, similar to 

other subcellular membranes, and ii) an inner membrane (Fig. III.1). The latter creates 

internal invagination called cristae, increasing the membrane surface in which the 

respiratory chain proteins are located. 



CHAPTER III  MWCNTs for mitochondrial targeting!!
!

!"#!

 
Figure III.1: Schematic draw and TEM image of mitochondria. Scale bar corresponds to 200 nm. 

Most of the proteins that constitute this organelle are encoded in the cell nucleus, 

synthesized in the cytoplasm and translocated into mitochondria, similarly to the other 

cellular proteins. In a different way some proteins are encoded inside the organelle by 

the mitochondrial genome, known as mitochondrial DNA (mtDNA). mtDNA is a double-

stranded DNA, inherited by the maternal line. Multiple copies of this genome are present 

in each human cell. Even though only 1% of the entire cellular DNA derives from mtDNA, 

its integrity is of fundamental importance for the functions of all human tissues. 1 

Differently from nuclear DNA, mtDNA lacks of exon non-coding regions, making this 

genetic material more susceptible to mutations than the nuclear DNA.2 Moreover, mtDNA 

is highly subjected to mutations due to the constant exposure to the reactive oxygen 

species (ROS) generated by the respiratory chain.3 This has been highlighted in 1988 

when for the first time two different works reported the correlation between mutations in 

mitochondria genoma and human diseases.4 Nowadays it is known that a single point 

mutation into mtDNA can cause different types of diseases involving different organs.5 

This phenomenon can be ascribed to the homoplasmy or heteroplasmy of mitochondria in 

the individuals. A normal person has all the mitochondria genome identical in every cells 

of his body. On the other hand a diseased individual possesses a mixture of mutated and 

wild type (normal) mtDNA, and the proportion between the two needs to exceed a critical 

threshold, before the appearance of the disease.6 In a diseased person each cell has a 

different degree of heteroplasmy and the functionality of a tissue depends on the 

mutation load in a non-linear way, above a critical point mitochondrial activity is 

drastically reduced. Since mitochondria are the cellular organelles assigned to the 

production of energy, the tissues with the highest request of energy are the most 

affected by mitochondria diseases. For this reason, tissues most clinically involved in 

these dysfunctions are neurons, endocrine organs and skeletal and cardiac muscles.7 
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III.2.2 Drug delivery to mitochondria 

 

The biggest challenge in the treatment of mitochondrial diseases is the efficient delivery 

of a drug into these organelles. For this purpose different approaches have been 

investigated.8 

Murphy and co-worker9 reported in 1999 the efficient use of triphenylphosphonium cation 

(TPP) to deliver vitamin E, an antioxidant molecule, into mitochondria, to protect their 

genetic material from oxidative damage by ROS. This delivery was driven by different 

potential across the mitochondrial inner membrane, which facilitates the entrance of 

cationic molecules. 

Another interesting delivery system is represented by dequalinium-based molecule, a 

cationic lipid able to tightly bind DNA in a compact structure, protecting the genetic 

material from nuclease digestion. The group of Weissig10 showed the ability of this 

system, called DQAsomes, to deliver pDNA into mitochondria matrix. 

In a different approach, several groups reported the exploitation of targeting peptides to 

deliver DNA into mitochondria. These peptides are called mitochondrial targeting 

sequence (MTS) peptide and they are constituted by the N-terminal part of endogenous 

mitochondrial proteins encoded in the nucleus.11 These proteins, after their synthesis in 

the cytoplasm, are imported into mitochondria, thanks to this recognition sequence, 

which interacts with a protein complex called TIM/TOM (translocator inner membrane 

and translocator outer membrane, respectively). This complex is composed by two main 

parts: TIM, which is the translocator present in the inner mitochondrial membrane, and 

TOM, which is present in the outer membrane. The covalent binding of ODN 

(oligodeoxynucleotide) or double stranded DNA to an MTS peptide lead to the efficient 

introduction of the genetic material inside the organelle.12 

Recently, Zhou et al.13 demonstrated that SWCNTs non-covalently functionalized with 

phospholipid-polyethylene glycol (PL-PEG) were internalized into mitochondria, by 

exploiting the mitochondrial membrane potential. This potential is higher in cancer cells, 

permitting, in vivo, the accumulation of SWCNTs in the tumor area. The exploitation of 

laser irradiation showed the selectively destruction of cancer cell, where CNTs were 

mostly localized. The authors in this way demonstrated the potential of these conjugates 

in the photothermal therapy for cancer treatment.  

The objective of this part of the thesis concerned the design of a new gene delivery 

system based on carbon nanotubes functionalized with a MTS peptide to target 

mitochondria. The use of cationic MWCNTs has been exploited in this work for two 

reasons, firstly to facilitate the entrance of the peptide inside a cellular environment, and 

secondly to bind electrostatically the DNA to this delivery system. 
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III.3 Result and discussion 

 

III.3.1 Functionalization of MWCNTs by 1,3-Dipolar cycloaddition 

 

The carbon nanotubes used in this work are MWCNTs purchased by NanoAmor and 

shortened by an oxidation treatment using sulphuric and nitric acid, as described in 

Chapter II. After the oxidation process, 1,3-dipolar cycloaddition of azomethine ylides 

was performed in typical conditions, heating in an oil bath, or via microwave (MW) 

irradiation, using triethylene glycol amino acid with the terminal amine group protected 

with two different protecting groups (i.e. Boc and phtalimide group, respectively). The 

phtalimide group was used to perform the cycloaddition reaction under microwave 

irradiation, due to the stability of phtalimide at high temperature. The syntheses of the 

two TEG amino acids are described in Scheme III.1 and III.2, following the procedures 

already reported in the literature.14 

Starting from the mono Boc protected diamino triethylene glycol 1, the addition of benzyl 

bromoacetate in the presence of triethylamine (TEA) gave the protected !-amino acid 

29. The subsequent deprotection of 29 by catalytic hydrogenolysis afforded the desired 

amino acid 30, purified by recrystallization. 

 
Scheme III.1: Synthesis of Boc protected !-amino acid 30. a) i, TEA, CH2Cl2, overnight, 64%; b) H2, Pd/C, 
MeOH, overnight, 85%. 

The synthesis of phtalimide protected amino acid (Scheme III.2) started from the Boc 

protected TEG amine 1. The protection of the second amine with the phtalimide group 

was achieved using mono-methylphtalate in the presence of the coupling agent BOP 

(benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium hexafluorophosphate). After 

purification of compound 31 by column chromatography, the protecting Boc group was 

removed by treatment with a solution of hydrochloric acid in dioxane, affording the free 

amine derivative 32. The addition of benzyl bromoacetate on this latter group and the 

subsequent deprotection of the benzyl group by hydrogenolysis led to the formation of 

the desired amino acid 34. 
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Scheme III.2: Synthesis of phtalimide protected !-amino acid 34. a) Mono-methylphtalate, BOP, DIEA, 
CH3CN, Na2CO3, 8 h, 85%; b) HCl in dioxane, 2 h, quant.; c) i, CH2Cl2, overnight, 27%; d) H2, Pd/C, MeOH, 
overnight, 76%. 

The 1,3-dipolar cycloaddition reaction was then performed using two different 

procedures, under classical heating condition or under microwave irradiation, in order to 

determine if one method was more efficient than the other (Scheme III.3). 

In the first case, MWCNTs were dispersed in DMF by sonication in a water bath and then 

Boc protected amino acid 30 and paraformaldehyde were added. The suspension was 

heated at 115°C under reflux for five days, adding each day portions of amino acid and 

paraformaldehyde. The fifth day CNTs C22 were purified by filtration and dialysis against 

water and then the Boc group was removed by acid treatment with hydrochloric acid, 

affording derivative C24a. 

In a similar way, MWCNTs were functionalized through the cycloaddition reaction using 

the phtalimide protected !-amino acid C34 and paraformaldehyde, in solvent free 

conditions, under microwave irradiation for one hour. Subsequently the protecting group 

of C23 was removed by treatment with hydrazine, obtaining the final derivative C24b. 

 
Scheme III.3: 1,3-Dipolar cycloaddition on oxidized MWCNTs performed under classic heating conditions (up) 
and under MW irradiation (bottom) and subsequent cleavage of the protecting groups. a) 30, (CH2O)n, DMF, 
115°C, 5 days; b) HCl in dioxane, overnight; c) 34, (CH2O)n, MW irradiation, 50 MHz, 160°C, 1 h; d) Hydrazine 
hydrate, EtOH/Toluene, 60°C, overnight. 
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The obtained amine functionalized MWCNT conjugates were characterized by TGA (Fig. 

III.2) and Kaiser test showing a not significant difference between the two reaction 

conditions (Table III.1). 

 

Figure III.2: TGA curves of the protected and deprotected MWCNTs derivatives functionalized through 1,3-
dipolar cycloaddition under classical heating conditions (C22-C24a, left) or MW irradiation (C23-C24b, right). 

 Weight Loss 

(%) 

TGA Loading 

(!mol/g) 

Kaiser test Loading 

(!mol/g) 

C22 12.9 / / 

C23 12.0 / / 

C24a 10.5 120 70 

C24b 10.3 135 60 

Table III.1: Degree of functionalization of MWCNTs through 1,3-dipolar cycloaddition under classical heating 
conditions (C22-C24a) or MW irradiation (C23-C24b). 

Even if the two procedures afforded similar results, microwave irradiation is likely more 

useful due to the lower time needed to perform the reaction, one hour instead of five 

days. 

The difference between TGA and Kaiser test loading can be ascribed to the low 

dispersibility of the final conjugates, which could underestimate the results of the Kaiser 

test. For intellectual honesty in the chapter we will take in consideration the lower 

loading obtained in the comparisons with the other conjugates. 

 

III.3.2 Functionalization of MWCNTs with the mitochondrial targeting peptide 

 

The targeting peptide that has been used in this study derives from the N-terminal region 

of the subunit VIII of human cytochrome c oxidase, enzyme of the respiratory electron 

transport chain. This peptide is encoded inside the nucleus and then is carried to 

mitochondria thanks to his N-terminal sequence, which is called for this reason 

mitochondrial targeting sequence (MTS).15 
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The endogenous MTS consists of 25 amino acids and it has been synthetized by solid 

phase peptide synthesis slightly modifying the natural sequence. At the N-terminal of the 

peptide, a lysine was introduced and subsequently rhodamine was coupled to the amino 

acid side chain, to have a fluorescent probe for the cellular studies. On the other hand, at 

the C-terminal of the peptide a cysteine was added to the sequence, inserting in this way 

a thiol group for the selective chemical ligation to MWCNTs (Fig. III.3). 

 
Figure III.3: Sequence of the modified MTS peptide used. 

After the synthesis, MTS peptide was purified by HPCL and characterized by mass 

spectrometry (Fig. III.4). 

 

 
 

 
Figure III.4: HPLC chromatogram (A) and mass spectrum (B) (m/z: calcd 3475.6) of MTS peptide. 
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In order to have a reactive site on the surface of MWCNTs able to link the targeting 

peptide, the terminal amine of C24 was further functionalized with N-succinimidyl-3-

maleimidopropionate. Initially, the chemical linker was synthesized as already described 

in the literature 16  using !-alanine, maleic anhydride and N-hydroxy succinimide in 

degassed DMF and in the presence of DCC. The final compound 35 was purified by 

precipitation in petroleum ether (Scheme III.4). 

 
Scheme III.4: Synthesis of maleimide derivative 35. a) DCC, DMF dry, 5 h, 26%. 

Amino-functionalized CNTs C24 was then dispersed in DMF with compound 35 in the 

presence of N,N-diisopropylethylamine (DIEA) affording the desired maleimide derivative 

C25 (Scheme III.5). Kaiser test was used to evaluate the loading of maleimide in the 

CNTs surface, showing an amount of remaining ammonium groups of 10 "mol/g. Since 

starting compound C24 had a functionalization of 70 "mol/g, the loading of maleimide 

groups in compound C25 was of 60 "mol/g. 

 
Scheme III.5: Synthetic scheme of maleimide-MWCNTs C25. a) 35, DIEA, DMF, 48 h.  

The coupling reaction between MWCNTs C25 and MTS peptide was performed in water 

under argon atmosphere and in the dark (Scheme III.6), monitoring the reaction by 

HPLC. At specific reaction times (0, 2, 4 and 24 hours) aliquots of the reaction mixture 

were collected and centrifuged at high speed in order to precipitate the nanotubes. The 

supernatant, containing unreacted peptide, was injected into the HPLC to observe the 

occurrence of the reaction following the decrease of the peptide intensity along the time. 

The reaction was stopped after 24 hours with the complete disappearance of the peptide 

peak from the HPLC spectra. Due to hydrophobic, non covalent interactions between the 

peptide and the backbone of the nanotubes, MTS peptide could be adsorbed on the 

carbon material and so, in order to eliminate it, MWCNTs were purified by dialysis against 

water, affording the final MTS derivative C26. 
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Scheme III.6: Synthetic scheme of the functionalization of MWCNTs with MTS peptide C26. a) MTS peptide, 
H2O, 24 h. 

MTS peptide was then attached to MWCNTs with a non covalent approach, in order to 

evaluate if a covalent or non covalent link between the material and the peptide could 

improve the targeting properties of the peptide. Amino functionalized carbon nanotube 

C24 were dispersed in H2O with MTS peptide in the same quantity used for conjugate 

C26 and the reaction mixture was kept under argon atmosphere and in the dark 

(Scheme III.7). The occurring of the adsorption of MTS on the surface of CNTs was 

monitored by HPLC as described before, showing the complete disappearance of peak of 

the peptide after 24 hours. 

 
Scheme III.7: Synthetic scheme of the functionalization of MWCNTs with MTS peptide (represented by the 
purple ribbon) C27. a) MTS peptide, H2O, 24 h. 

In order to have a control sample for the cellular studies, the rhodamine probe was 

directly linked to CNTs. Ammonium functionalized MWCNTs C24 were dispersed in DMF 

with sulforhodamine B acid chloride in the presence of DIEA affording the fluorescently 

labeled derivative C28 (Scheme III.8). 

 
Scheme III.8: Synthetic scheme for the functionalization of rhodamine-MWCNTs C28. a) i, DIEA, DMF, 48 h. 
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III.3.2.1 Characterization of MTS-MWCNTs 

 

The successful covalent functionalization and the morphological structure of MTS-

MWCNTs C26 and C27 and of the control rhodamine-MWCNTs C28 were assessed by 

complementary technique, such as TGA, fluorescent spectroscopy and TEM. 

Thermogravimetric analysis was used to determine the loading of the peptide linked to 

the material, comparing the profile of the curves of MTS conjugate C26 and the 

maleimide precursor C25 at 500°C. In a similar way also the amount of MTS non 

covalently bound to MWCNTs in C27 and of rhodamine in the control conjugate C28 was 

detected, in comparison with the precursor C24 (Fig. III.5). The amount of MTS 

covalently and non covalently linked to MWCNTs C26 and C27 resulted of 25 and 27 

!mol/g, respectively. Instead, the loading of rhodamine on fluorescent MWCNTs C28 was 

60 !mol/g, in accordance with the result obtained with the Kaiser test (40 !mol/g). 

 
Figure III.5: Thermogravimetric curves of MWCNTs C26 (A) and MWCNTs C27 and MWCNTs C28 (B) and 
their precursors. 

Fluorescence spectroscopy was then exploited to confirm the presence of the 

fluorescently labeled MTS peptide on the material (Fig. III.6). MWCNTs were dispersed in 

DMF at a concentration of 0.1 mg/ml and the fluorescent spectra revealed the presence 

of the characteristic peak of rhodamine at 582 nm. The low fluorescence intensity seen 

for rhodamine derivative C28 is explained by the quenching of the fluorophore due to the 

"-" interactions of this molecule with the carbon nanotube lattice. The quenching effect 

observed for this derivative is probably caused by the proximity of the aromatic rings of 

rhodamine to CNTs backbone, which is higher in comparison with MTS-derivatives. 

Indeed, in this case between the fluorescent probe and the CNTs there is the peptidic 

chain of MTS, which presumably decreases the quenching of the material. 
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Figure III.6: Fluorescence spectra of MTS-MWCNTs C26 and C27 (A) and rhodamine-MWCNTs C28 (B). 

Finally, transmission electron microscope was used to observe that the morphological 

structures of the final conjugates were not affect by the reaction conditions (Fig. III.7). 

 
Figure III.7: TEM images of MTS-MWCNTs C26 (A) and C27 (B), and rhodamine-MWCNTs C28 (C). Scale bar 
corresponds to 200 nm. 

 

III.3.2.2 Cellular uptake and cytotoxicity studies 

 

In order to study the ability of the conjugates to be internalized by the cells and localize 

in a specific subcellular compartment (i.e. mitochondria), different microscopic 

techniques have been exploited, i.e. epifluorescence, confocal and transmission electron 

microscopy. MWCNTs covalently functionalized with MTS peptide C26 and rhodamine-

MWCNTs C28 have been analized, whereas MWCNT with MTS adsorbed on the surface 

C27 of the material are currently under investigation. These studies were conducted in 

our group in collaboration with Dr. J. Russier. 

Initially, we evaluated the efficient internalization of the conjugates inside the cells, by 

incubating MTS-MWCNTs C26 into murine macrophages (RAW 264.7) with a 

concentration of 100 !g/ml for 24 hours. Free MTS peptide and rhodamine-MWCNTs C28 

have been used as controls and their concentration was correspondent to the 

functionalization of MTS moiety present in MWCNTs C26. At the end of the incubation 

time, cells were collected and the different cellular compartment were stained prior to 

epifluorescence microscopy analysis of the samples, the nuclei was stained with DAPI 

(blue) and the cellular membranes with Alexa Fluor®488 (green). Due to the presence of 
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sulforhodamine, MTS peptide, free or bound to CNTs, was visualized in red. As shown in 

Figure III.8, MTS-MWCNTs were uptaken by macrophages and were mostly localized in 

the perinuclear region of the cells. Even though the fluorescence of rhodamine control 

(C28) was not detected by the microscope, probably due to the quenching of the 

fluorophore, in the differential interference contrast (DIC) image it was possible to 

observe the presence of the nanotubes detected by the black signal inside the 

macrophages. The fluorescence signal of free MTS peptide was very low inside the cells, 

confirming the possibility that the peptide alone could be internalized but also the 

difficulty of this compound to be uptaken by cells at high rates without any kind of 

vector. 

 
Figure III.8: Overlay (top) and DIC (bottom) fluorescence microscope images of macrophages incubated with 
free MTS peptide, rhodamine-MWCNTs C28 and MTS-MWCNTs C26. Cell membrane was stained in green and 
nucleus in blue. MTS-MWCNTs (red) showed the ability to enter inside macrophages and localize in the 
perinuclear zone. 

After obtaining these results, we decided to further investigate the subcellular localization 

of our conjugates using confocal laser scanning microscopy (CLSM). CNTs and free MTS 

peptide have been incubated for 24 hours into macrophages at the same concentration of 

the previous experiment and, after washing the cells, the different cellular components 

were stained: i) the cellular membrane with Alexa Fluor®488, as before, and ii) the 

mitochondria with MitoTracker® Deep Red FM. To better visualize all cellular 

compartments, we decided to change the display of the colour of the staining, thus in 

Figures III.9-10 cellular membrane is visualized in blue and mitochondria in green. In 

this way on the overlaid images the co-localization of mitochondria (green) and 

rhodamine (red), present directly on CNTs or on MTS peptide, is visualized in yellow. In 

Figure III.9 is possible to observe that in the cells incubated with MTS-MWCNTs there is a 

strong yellow staining, highlighting that carbon nanotubes were localized inside the 

mitochondria only in the presence of the targeting peptide and that CNTs were necessary 

MTS-MWCNTs Rhodamine-MWCNTs Free MTS CONTROL 
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for the cellular internalization of the peptide. Indeed, the control constituted by 

rhodamine-MWCNTs was uptaken to the cells, but the subcellular localization was outside 

the mitochondria, as no overlapping of green (MitoTracker) and red (CNTs) fluorescence 

was observed in this case. On the other hand, MTS peptide entered inside macrophages 

in very little quantity, as previously observed in epifluorescence microscopy experiments 

(Fig. III.8), and a weak overlapping yellow staining was detected, demonstrating that the 

peptide alone is also uptaken by mitochondria. 

 
Figure III.9: Confocal laser scanning microscopy images of murine macrophages incubated for 24 hours with 
free MTS peptide, rhodamine-MWCNTs C28 and MTS-MWCNTs C26. Cell membrane was stained in blue and 
mitochondria in green. Red staining represents the rhodamine bound to the nanotubes or to the MTS peptide. 
Confocal images show CNTs localization into the cytoplasm and into the mitochondria, the latter highlighted by 
the yellow staining, indicative of the co-localization of CNTs and mitochondria. 
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Figure III.10: Confocal images of macrophages incubated for 24 hours with free MTS (A), rhodamine-
MWCNTs C28 (B) and MTS-MWCNTs C26 (C). Free MTS, MTS-MWCNTs and rhodamine-MWCNTs are indicated 
by red fluorescence while cellular membrane and mitochondria are highlighted by blue and green fluorescence, 
respectively. 

Transmission electron microscopy was then used to study the interactions of MTS-

MWCNTs with different types of cells. CNTs have been incubated with macrophages and 

HeLa cells (human cervix carcinoma cells) for 24 or 48 hours at a concentration of 100 

!g/ml and then the cells have been dehydrated and embedded into EPON resin. Ultrathin 

sections of the polymer were cut on an ultramicrotome with a diamond knife and then 

studied by TEM. Using this technique, the cellular uptake of CNTs was further confirmed, 

as it was possible to observe that CNTs were present inside cells in vesicles or they 

directly passed through the cellular membrane (Fig. III.11A-B). This behaviour can be 

ascribed to the capacity of CNTs to cross cell membrane using two different mechanisms: 

i) phagocytosis, for macrophages, or endocytosis, for HeLa cells, and ii) “nanoneedle” 

mechanism, respectively. In addition, it was possible to observe the main presence of the 

conjugate next to the mitochondria (Fig. III.11C) and it was possible also to observe that 

the nanotubes, when inside vesicles, have the tendency to place themselves 

perpendicularly to the membrane of the vesicle, like to escape from it. In Figure III.11D 

the images shows three examples in which MWCNTs are present inside mitochondria flat 

or rolled up on themselves, suggesting an actual targeting of these organelles by MTS-

MWCNTs C26.  
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Figure III.11: TEM images of macrophages (A) and HeLa cells (B-D) incubated for 24 and 48 hours 
respectively with MTS-MWCNTs C26. CNTs are highlighted with a white arrow, whereas mitochondria can be 
distinguished by the cristae inside the organelle and some are marked “MT” in white. Scale bar corresponds to 
100 nm. 

An important issue towards biological applications of functionalized CNTs is their impact 

towards cellular viability. For this reason, the potential cytotoxicity of our conjugates was 

evaluated by flow cytometry analysis using propidium iodide (PI) staining, a test widely 

used to evaluate the amount of apoptotic cells. This test is based on the ability of PI to 
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bind and label cellular DNA. In normal conditions PI cannot enter inside the cells, 

whereas in damaged or dead cells the integrity of the cellular membrane is lost and the 

nuclear DNA undergoes a fragmentation, permitting in this way the interaction between 

the dye and the genetic material.17 

Murine macrophages (RAW 264.7) and HeLa cells were exposed to free MTS, oxidized 

MWCNTs C1, MTS-MWCNTs C26 and rhodamine-MWCNTs C28 at different 

concentrations, ranging from 5 to 100 !g/ml for 24 hours. At the end of the incubation 

time, cells were collected and stained with PI and cellular viability was determined by 

flow cytometry analysis. Figure III.12 displays that the cellular viability of both the 

cellular types was not affected by the treatment with CNTs at all the tested 

concentrations. 

 
Figure III.12: Flow cytometry analysis of cellular viability of RAW 264.7 and HeLa cells, using different 
concentrations of free MTS, oxidized MWCNTs (C1), MTS-MWCNTs (C26) and rhodamine-MWNTs (C28) (from 5 
to 100 !g/ml). 

 

III.3.3 Double-functionalization of MWCNTs with MTS and sVpr peptides 

 

In a parallel study to assess the efficient targeting of the MTS peptide and to affect the 

mitochondrial activity (i.e. to induce mitochondria apoptosis), I have explored the 

possibility to perform a double functionalization of MWCNTs with the MTS peptide and 

with a second peptide characterized by mitochondrial toxicity features (i.e. Viral protein R 

peptide). 

Viral protein R (Vpr) is an apoptogenic protein constituted by 96 amino acids, which is 

encoded by the type 1 human immunodeficiency virus (HIV-1).18 This peptide acts 

interacting with the mitochondrial membrane and then triggering a mitochondrial 

pathway, which induces the cell apoptosis, probably involving the permeability transition 

pore (PTP) of the mitochondrial membranes. The composition of this channel is still under 
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debate, but its formation or its opening, induced by Ca2+, reactive chemicals and 

oxidative stress, are reported.19 

In this work, we decided to use a short peptide derived by Vpr peptide (Vpr67-82), which 

showed a potent activity as inducer of the permeabilization of the mitochondrial 

membrane.20 The amino acid sequence of this peptide is described in Figure III.13 and it 

is constituted by the Vpr sequence from the 67th to the 82nd amino acid with a mutation 

at the amino acid 76th [C76S] (cysteine at position 76 was replaced by serine, to avoid 

side reactions of the SH group) and with an addition of a glycine and a cysteine at the N-

terminus. This peptide, which it will be called sVpr (short Vpr), has been synthesized by 

solid phase synthesis in our laboratory. 

 
Figure III.13: Sequence of the modified sVpr peptide used. 

The multifunctionalization of MWCNTs (Scheme III.9) started from maleimide derivative 

C25 and then the coupling with 0.5 equivalent of sVpr peptide was performed in water 

under argon atmosphere. The occurring of the reaction was monitored by HPLC and the 

reaction was stopped after 24 hours, affording derivative C29. After removing the 

unbound peptide on the backbone of CNTs by dialysis against water, 0.5 equivalents of 

MTS peptide were introduced to the remaining free maleimide moieties under argon 

atmosphere and in the dark. Also here the reaction was monitored by HPLC and stopped 

after 24 hours. The final conjugate C30 was then purified by dialysis against water. 

Cys-GLLFIHFRIGSRHSRIG 
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Scheme III.9: Synthesis of double functionalized MTS-sVpr-MWCNTs C30. a) sVpr peptide, H2O, 24 h; b) MTS 
peptide, H2O, 24 h. 

The loading of the two peptides on the surface of the nanotubes was assessed by 

thermogravimetric analysis, comparing the different thermogravimetric curves at 500°C, 

The amount of sVpr and MTS peptides in the conjugates C29 and C30 resulted 35 and 

15 !mol/g, respectively (Fig. III.14A). 

Since MTS peptide was linked to a rhodamine probe, the presence of this peptide was 

confirmed by fluorescence spectroscopy. MTS-sVpr-MWCNTs were dispersed in DMF at 

the concentration of 0.1 mg/ml and the resulting spectrum showed the characteristic 

peak of rhodamine at 582 nm (Fig. III.14B). 

 
Figure III.14: A) Thermogravimetric curves of sVpr-MWCNTs C29 and sVpr-MTS-MWCNTs C30 and their 
maleimide CNTs intermediates. B) Fluorescence spectra of double functionalized MWCNTs C30. 
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Finally the different conjugates were analyzed by TEM to observe that the morphological 

structures of the nanotubes were not altered during the functionalization steps (Fig. 

III.15).  

 
Figure III.15: TEM images of sVpr-MWCNTs C29 (A) and sVpr-MTS-MWCNTs C30 (B). Scale bar corresponds 
to 100 nm. 

To study the different capabilities of the conjugates and their resulting toxicity, a study 

on isolated mitochondria was performed. This work was done in collaboration with the 

group of prof. P. Bernardi at the University of Padova (Italy). 

In physiological conditions, mitochondria are able to store in their matrix a certain 

quantity of calcium ions, thanks to the presence of membrane transporter, which 

maintain Ca2+ concentration between inside and outside the organelle near to the 

equilibrium. However, an excessive exposure to Ca2+ induces mitochondria to open the 

permeability transition pore (PTP), causing the swelling of the organelle and triggering 

the subsequent cellular apoptosis. The capacity of mitochondria to keep Ca2+ before the 

opening of PTP can be modulate by different substances and can be defined as calcium 

retention capacity (CRC). Since it has been observed that the toxicity of Vpr peptide is 

correlated to the opening of PTP,$% we decided to investigate the effect of our conjugates 

on the variation of CRC.  

In these experiments pure isolated mitochondria were obtained from the liver of CD1 

mice. Mitochondria were incubated in a specific media at a protein concentration of 2 

mg/ml in the presence of 1 !M of CalciumGreen-5N fluorescent probe. This substance is 

impermeable to the membrane and it is not fluorescent itself, while it becomes 

fluorescent after complexation with Ca2+ ions. In this way it is possible to monitor the 

extramitochondrial Ca2+ and the consequent accumulation or release of Ca2+ from 

mitochondria using a fluorometer. During the experiment, mitochondria were incubated 

alone or with the different conjugates in different conditions. After incubation, 10 !M of 

Ca2+ were added to mitochondria dispersion every minute until crossing the threshold 

with the consequent opening of PTP. If in basal conditions mitochondria are able to 

accumulate a certain quantity of Ca2+ (CRC0), in the presence of an inductor of the PTP, 

i.e. Vpr peptide, this quantity would be lower (CRCi). The ratio CRCi/CRC0 would give us 
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the activity of the compound on the PTP, lower will be the ratio, higher will be the 

induction effect on PTP. 

Isolated mitochondria have been incubated with sVpr peptide, sVpr-MWCNTs C29 and 

sVpr-MTS-MWCNTs C30 at different times (10, 30 and 60 minutes), and at two different 

concentrations of sVpr peptide (125 and 250 nM). A similar effect of the different sVpr 

derivatives was observed on the variation of calcium retention capacity (CRC), when the 

peptide was incubated to mitochondria at the lower concentration (Fig. III.16A). 

Increasing the amount of sVpr we decided to increase also the incubation time, to 

evaluate if at the highest incubation time an higher toxic effect was detected. Using 250 

nM of sVpr peptide, different effects of the conjugates were observed (Fig. III.16B). Free 

sVpr peptide showed a not significant decrease in CRC only in the experiment with 30 

minutes of incubation, whereas sVpr-MTS-MWCNTs showed the highest CRC variation in 

all the incubation time analyzed. The decrease of CRC observed in this experiment can be 

ascribed to the presence in the conjugate of the targeting peptide, which probably 

increases the interaction between the material and the organelles. At the highest 

incubation time a small increase in CRC was observed for all the conjugates, but we 

consider it not significant, ascribing to a variability effect of the experiment. 

 
Figure III.16: Calcium retention capacity (CRC) detected after incubation into isolated mitochondria of sVpr 
derivatives at different concentration of sVpr peptide, 125 (A) and 250 nM (B). 

This experiment is only preliminary and indicative, more investigations are needed to 

confirm the obtained results. 

To further investigate the ability of functionalized CNTs to interact with mitochondria, we 

performed TEM analysis of CNTs incubated into isolated mitochondria. Mitochondria were 

isolated from the liver of CD1 mice and then incubated into a specific media with MTS-

MWCNTs C26, sVPR-MWCNT C29 and sVpr-MTS-MWCNTs C30 for 30 minutes. 

Subsequently, mitochondria were suspended in a fixative solution of glutaraldehyde 2% 

in cacodilate, dehydrate and embedded into the resin. Ultrathin sections of the polymer 

have been then studied by TEM. The presence of MTS-MWCNTs and sVPR-MTS-MWCNTs 

in the external part of mitochondria demonstrates an interaction with the mitochondrial 
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membrane as clearly visible in the detail of Figure III.17A, where a CNT seems to enter 

inside the organelle with a nanoneedle mechanism. MTS-CNTs have been also detected 

inside the organelle (Fig. III.17). For what it concern sVPR-MWCNTs, without the 

targeting peptide, TEM study demonstrated a lower degree of interaction between CNTs 

and mitochondria, confirming that the targeting peptide is necessary for the interaction 

between CNTs and the organelle. 

 

 
Figure III.17: TEM images of isolated mitochondria incubated for 30 minutes with MWCNTs C26 (A-B) and 
C30 (C). CNTs are highlighted with a white arrow. Scale bar corresponds to 500 nm. 
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III.3.4 Double-functionalization of MWCNTs with MTS and dendron 

 

Since the final goal of this study was the design of a system for gene delivery, we 

decided to further functionalize our MTS-MWCNTs derivative with a positively charged 

dendron. In this way the new gene delivery system would be able to target mitochondria, 

thanks to the MTS peptide, and to electrostatically bind genetic material thanks to the 

positively charged dendron. 

The synthetic pathway used to obtain multifunctionalized CNTs is depicted in Scheme 

III.10. Starting from the maleimide derivative C25, the carboxylic groups present on the 

tips of the material were activated using carbodiimide coupling agents EDC and HOBt in 

order to introduce dendron derivative 12 through amidation reaction, affording conjugate 

C31 (see Experimental part, Chapter V). The dendron used in this work is the Boc 

protected dendron of second generation, whose synthesis has been already described in 

Chapter II. After the deprotection of the Boc group using TFA in dichloromethane, 

derivative C32 was achieved and protected guanidinium moieties were introduced onto 

the free ammonium groups of the dendron using N,N’-bis(tert-butoxycarbonyl)-1H-

pyrazole-1-carboxamidine, obtaining derivative C33. The deprotection of the Boc groups 

by acid treatment with TFA in dichloromethane brought to the formation of the positively 

charged conjugate C34. The final step of the functionalization was the coupling of the 

MTS peptide on the maleimide moieties of MWCNTs C34, obtaining the desired 

multifunctional derivative C35. The occurring of this last reaction was monitored by 

HPLC, as described for MTS-derivative C26. 
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Scheme III.10: Synthesis of the double functionalization of MWCNTs C35 with dendron of 2nd generation and 
MTS peptide. a) 1. EDC, HOBt, DIEA, DMF, 72 h; 2. TFA, CH2Cl2, overnight; b) 1. i, DIEA, DMF, 48 h; 2. TFA, 
CH2Cl2, overnight; c) MTS peptide, H2O, 24 h. 

To characterize the obtained material, thermogravimetric analysis under nitrogen 

atmosphere was firstly used to evaluate the occurring of the reactions and the degree of 

functionalization at 500°C (Fig. III.18). From the profiles of the thermogravimetric 

curves, the obtained loading of the dendron and of the MTS peptide was 40 and 30 

!mol/g, respectively. 

Fluorescent spectroscopy was then exploited to confirm the presence of the coupling 

reaction with the fluorescently labeled MTS peptide. For this study CNTs were dispersed 

in DMF at a concentration of 0.1 mg/ml and the fluorescent spectra showed the 

characteristic peak of rhodamine at 582 nm, confirming the presence of MTS peptide on 

the surface of nanotubes. 
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Figure III.18: A) Thermogravimetric curves of dendron-MTS MWCNTs C35 and its intermediates. B) 
Fluorescence spectra of double functionalized MWCNTs C35. 

TEM images of dendron-MTS-MWCNTs showed that the morphological structure of the 

nanotubes was not affected by the different conditions used to double-functionalize the 

nanotubes (Fig. III.19). 

 
Figure III.19: TEM images of dendron-MTS MWCNTs C35. Scale bar corresponds to 100 nm. 

DNA complexation studies were performed to evaluate the effective ability of the 

conjugate C35 to interact with the nucleic acids. MTS-MWCNTs derivative C26 was used 

to compare the different complexation properties of the dendron guanidinium groups and 

of a linear ammonium derivative. Indeed, C26 has also slightly positively charged 

groups, due to the incomplete functionalization with the maleimide groups (C25). 

Agarose gel electrophoresis was performed complexing the cationic conjugates with the 

plasmid DNA pCR3 at different charge ratios from 1:1 to 1:25. In Figure III.20 it is 

possible to observe that MTS derivative C26 showed a great difficulty to complex the 

oligonucleotide sequences also at the highest charge ratio. On the contrary, the reduced 

migration into the gel of pDNA when complexed with double functionalized material C35 

demonstrated the efficiency of this conjugate to interact with the genetic material, 

rendering this MWCNT derivative a promising gene delivery system. 
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Figure III.20: Electrophoretic motility of pDNA complexed with MTS-MWCNTs C26 (A) and MTS-dendron-
MWCNTs C35 (B). 

 

III.4 Conclusions 

 

In this part of the thesis I focused my attention on the possibility to design a gene 

delivery system able to target mitochondria, for a possible genetic cure of mitochondrial 

diseases caused by mutations in the mitochondrial genome. Initially, I investigated the 

ability of MWCNTs to target this organelle, exploiting the use of a mitochondrial targeting 

peptide, called MTS. MWCNTs were functionalized with this peptide and then 

characterized by TGA and fluorescence spectroscopy. The effective localization inside the 

desired organelle was evaluated by microscopic techniques. After incubation of the 

conjugates into macrophages, it was possible to observe by confocal microscopy a co-

localization of the MTS derivative and mitochondria, evidence of the ability of MWCNTs to 

enter inside the organelle thanks to the presence of the targeting peptide. Moreover, 

macrophages and HeLa cells were then incubated with MTS derivatives and analyzed by 

electron transmission microscopy, to deeply study the subcellular location and the uptake 

mechanism. The presence of CNTs crossing the cellular membrane and the existence of 

vesicles containing the material suggested two possible uptake mechanisms for the 

internalization of nanotubes: i) a nanoneedle mechanism, and ii) phagocytosis or 

endocytosis. TEM images showed the tendency of MTS-MWCNTs to localize next to the 

mitochondria and inside these organelles, confirming what observed by confocal 

microscope. 

A multifunctional CNTs derivative was then designed and synthesized, constituted of two 

different peptides: i) the targeting peptide MTS, and ii) the mitochondrial toxic sVpr 

peptide. The combination of these two biomolecules was chosen to further study the 

targeting of the organelle, expecting an increase of toxicity for the MTS-sVpr-MWCNTs, in 
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comparison with the derivative bearing one single peptide. Some preliminary 

experiments were performed on isolated mitochondria, studying the variation of the 

permeability transition pore (PTP) opening due to the sVpr peptide. A slight toxicity was 

recorded for the nanotubes bearing the toxic peptide, but further studies are now under 

way to better evaluate the effects of these conjugates. 

Finally, in order to obtain a multifunctional material able to target mitochondria and also 

to complex and subsequently deliver genetic material, I prepared double functionalized 

MWCNTs. Dendrons of second generation bearing guanidinium moieties at their termini 

were introduced onto the nanotubes through the amidation reaction. In a second step 

MTS peptide was also coupled to the nanotubes. MWCNTs have been characterized by 

TGA, fluorescence spectroscopy and TEM, confirming the occurrence of the performed 

reactions. The ability of this conjugate to complex pDNA has been verified by agarose gel 

electrophoresis, highlighting the promising properties of this compound as gene delivery 

system. 
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Chapter IV: Conclusions and Perspectives 
 

Carbon nanotubes represent a unique material with very promising applications, 

especially in the fields of nanoelectronics, composite materials and nanotechnology. In 

the last decade the potential exploitation of this material in the biomedical field has 

attracted great interest due to the ability of CNTs to be internalized into cells with a 

particular mechanism called “nanoneedle”, paving the way for a possible use of CNTs as 

drug or gene delivery system. In this context, we focused our interest in developing 

cationic carbon nanotubes able to complex the genetic material for gene therapy.  

In the first part of the thesis we concentrated in the functionalization of MWCNTs with 

dendrons of different generations in order to evaluate the ability of the conjugates to 

complex the genetic material. In the second part of the work we focused deeper on the 

functionalization of CNTs for targeting mitochondria and the possibility to deliver gene in 

these subcellular organelles. 

Initially, a library of dendrons of zero, first and second generation was synthetized, 

bearing at their termini ammonium or guanidinium groups. At the core of the dendrons 

an amine or an azide was present in order to link the dendrons to the nanotubes 

exploiting two different covalent approaches: i) amidation reaction and ii) “click” 

reaction. In parallel we investigated also the non-covalent approach, coupling dendron of 

first generation to a mono acetylene pyrene and then adsorbing the conjugate on the 

surface of pristine carbon nanotubes via !-! stacking interactions. 

The ability of these conjugates to complex siRNA was evaluated through agarose gel 

electrophoresis using different charge ratios of genetic material and cationic CNTs. This 

technique showed higher efficiency of the conjugates obtained via amidation reaction to 

complex siRNA in comparison with the ones functionalized through “click” chemistry. 

Moreover siRNA complexation was higher for the ammonium derivatives than the 

guanidinium ones. 

Preliminary results conducted on guanidinium derivatives were performed to study the 

ability of these conjugates to be internalized into human lung cancer cells (A549 cells), 

showing their effective interaction with the cellular membrane and their cellular uptake. 

Further studies are carrying on in collaboration with Prof. K. Kostarelos and Dr. K. T. Al-

Jamal in London to evaluate the ability of dendron derivatives to complex and deliver 

siRNA inside cells. Finally the efficient gene silencing in human cells will be studied and 

also the eventual cytotoxic effects of MWCNTs conjugates. 

In the second part of my thesis I focused my interest in the design and characterization 

of a gene delivery system based on CNTs able to target mitochondria in order to treat 
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diseases caused by damage of the mitochondrial DNA. A mitochondrial targeting 

sequence peptide called MTS has been used in this study, modifying his sequence in 

order to have a site, constituted by a cysteine, for the coupling with CNTs and a 

fluorescent probe for the cellular studies. Firstly MWCNTs have been functionalized using 

the MTS peptide and then the obtained material has been characterized by TGA and 

fluorescent spectroscopy. Microscopic techniques have been exploited to evaluate the 

internalization and the cellular location of the conjugate into different types of cells, 

macrophages (RAW 264.7) and human cancer cells (HeLa). Initially epifluorescence 

microscopy has been used to confirm the ability of CNTs to enter inside macrophages and 

then by confocal microscopy the subcellular localization of CNTs was analysed. It has 

been detected a co-localization of MTS-conjugate and mitochondria, showing the ability 

of the nanotubes to target the organelles thanks to the presence of the targeting peptide. 

Further, by transmission electron microscopy it was possible to suggest two possible 

uptake mechanisms for the internalization of CNTs: i) nanoneedle mechanism and ii) 

phagocytosis (for the macrophages) or endocytosis (for HeLa cells). Moreover, by TEM 

images it was possible to observe that CNTs were localized mostly next to the 

mitochondria and inside these organelles, confirming what observed by confocal 

microscopy. Further studies are now under investigation to highlight if the covalent 

functionalization of the MTS peptide is necessary for the effective targeting of the 

mitochondria, studying a conjugate bearing the MTS peptide adsorbed on the surface of 

CNTs. 

To further study the targeting of mitochondria, MWCNTs have been double functionalized 

using two different peptides: i) MTS peptide and ii) a mitochondrial toxic peptide, called 

sVpr. The toxic effect of the CNTs linked to the two biomolecules in comparison with the 

material bearing only the toxic peptide was evaluated on isolated mitochondria, studying 

the variation on opening of the permeability transition pore (PTP) due to the sVpr 

peptide. These studies were conducted in collaboration with the group of Prof. P. Bernardi 

in Padova (Italy) and showed that the double functionalized material had a higher toxicity 

than the conjugate obtained with sVpr. The results are preliminary and further 

investigations are needed to confirm them. 

Different conjugates, coupled to MTS peptide, sVpr peptide or a combination of the two 

biomolecules, have been incubated into isolated mitochondria in order to study their 

internalization. By TEM images it was possible to observe the highest interaction between 

CNTs and mitochondria when the MTS peptide was linked to the material. 

Finally, since the main goal of this study was the design of a gene delivery system able 

to target mitochondria, MWCNTs were double functionalized with a cationic dendron of 

second generation and the targeting MTS peptide. The obtained material was firstly 
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characterized by complementary techniques, such as TGA, TEM and fluorescence 

spectroscopy, in order to evaluate and study the degree of functionalization of the 

conjugate, the morphology of the material and the effective presence of the fluorescent 

peptide. The ability of this conjugate to interact with DNA has been studied by agarose 

gel electrophoresis, confirming the aptitude of this CNT derivative to complex genetic 

material. 

In conclusion, these studies confirm the potential application of carbon nanotubes as 

gene delivery system to treat genetic and mitochondrial diseases. We proved the ability 

of different dendron derivatives based on MWCNTs to complex siRNA and their cellular 

uptake into cancer cells was observed. Moreover, we showed the ability of MWCNTs to 

target specifically mitochondria, thanks to the present of a targeting peptide, and also to 

efficiently complex DNA, therefore these conjugates have been demonstrated to be a 

promising vector for gene therapy. 
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Chapter V: Experimental Part 
 

V.1 General Indications 

 

V.1.1 Chemicals and Solvents 

 

MWCNTs (20-30 nm and 7000) were purchased from Nanostructured and Amorphous 

Materials Inc (USA) and Nanocyl (Belgium), respectively. 

Chemicals were purchased from Sigma-Aldrich, Acros, Alfa Aesar and PolyPeptide 

Laboratories, and used as received without any further purification. 

All solvents used for synthesis were analytical grade. When anhydrous conditions were 

required, high quality commercial solvents and treated with molecular sieves (porosity 

4Å) were used (DMF). THF was dehydrated by refluxing on Na/benzophenone or by using 

Dry Solvent Station GTS 100. Water was purified using a Millipore filter system MilliQ®. 

 

V.1.2 Characterization Methods and Instrumentation 

 

Thin Layer Chromatography (TLC) was conducted on pre-coated aluminium plates 

with 0.25 mm Macherey-Nagel silica gel with fluorescent indicator UV254. 

Column Chromatography - Chromatographic purifications were carried out with silica 

gel (Merck Kieselgel 60, 40-60 !m, 230-400 mesh ASTM) in standard columns. 

HPLC analyses were performed on a Varian ProStar 240 instrument or on a Beckman 

Coulter System Gold. Eluents: A: H2O + 0.1 % TFA; B: CH3CN + 0.08 % TFA. 

Melting points (m.p.) were measured on a Büchi SMP-20. 

Nuclear Magnetic Resonance - 1H-NMR and 13C-NMR spectra were recorded in 

deuterated solvents using Bruker Avance I – 300 MHz and Bruker Avance III – 400 MHz. 

Chemical shifts are reported in ppm using the residual signal of deuterated solvent as 

reference. The resonance multiplicity is described as s (singlet), d (doublet), t (triplet), q 

(quartet), qt (quintuplet), m (multiplet), br (broad signal). Coupling constants (J) are 

given in Hz. 

Infrared spectra (IR) were recorded on a Varian 660-R, FT-IR spectrometer using KBr 

plates or on a Perkin Elmer Spectrum One ATR-FT-IR spectrometer. 

ESI Mass spectra were recorded on a Thermo Fisher Finnigan LCQ Advantage Max 

Instrument. 

MALDI-TOF and EI Mass Spectra were performed at Mass and Micro-Analytical Facility 

Core of the University of Strasbourg. 
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Fluorescent spectroscopy - Fluorescent spectra were recorded on a Cary Eclipse 

Fluorescence Spectrophotometer (Agilent Technologies) using 1 cm path quartz cuvettes. 

UV-Vis Spectroscopy - UV-Vis spectra were recorded using a Varian Cary 5000 

spectrophotometer, using 1 cm path quartz or optical glass cuvettes.  

Microwave - Microwave assisted reactions were carried out in a CEM Discover reactor. 

Transmission Electron Microscopy (TEM) - TEM analysis was performed on a Hitachi 

600 microscope with an accelerating voltage of 75 kV. Pictures were taken using a CCD 

high resolution digital Hamamatsu camera (RIO Microscopy Facility Platform of Esplanade 

Campus, Strasbourg, France). TEM analysis was performed also with a Philips EM 208 

microscope with an accelerating voltage of 100 kV. Images were acquired using an 

Olympus Morada CCD camera. The samples were dispersed in DMF with a concentration 

of 0.1 mg/ml and the suspension was sonicated for 30 minutes. 20 !l of this suspension 

was then drop-casted on a carbon-coated copper grid and dried under vacuum overnight. 

Thermogravimetric Analysis (TGA) – TGA were performed using TGA Q500 TA 

instrument with the following procedure: isotherm at 100°C for 20 minutes (to remove 

residual solvents), ramp of 10°C min-1 from 100 to 1000°C under N2 using a flow rate of 

60 ml min-1. 

Quantitative Kaiser Test 

Three solutions were prepared separately: 

- 10 g of phenol dissolved in 20 ml of ethanol (solution I) 

- 2 ml of KCN 1 mM (aqueous solution) dissolved in 98 ml of pyridine (solution II) 

- 1.0 g of ninhydrin dissolved in 20 ml of ethanol (solution III) 

An amount of approximately 200 !g of CNTs conjugates was carefully weighted and then 

the following solutions were carefully added into the test tube: 75 !l of solution I, 100 !l 

of solution II and 75 !l of solution III. As blank solution, the three solutions were mixed 

in a test tube without CNTs. The test tube was sonicated in a water bath for 5 minutes, 

heated at 110°C for 10 minutes and then cooled rapidly in an ice bath to stop the 

reaction. 2.75 ml of 60% ethanol were added and the suspension was mixed. 

A UV-Vis cuvette was filled with the blank solution to collect the baseline. The absorbance 

of each sample was measured at 570 nm. The calculation of the amine loading was made 

using the Equation V.1. The result was expressed as micromole of amino group per gram 

of material. The test was performed at least twice for each sample. 

 
Equation V.1: CNT loading calculation. Dilution is equal to 3 ml and molar extinction 

coefficient to 15000 M-1 cm-1. 
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V.2 Chemical Synthesis 

 

Peptide synthesis 

 

The sequence of MTS peptide is KMSVLTPLLLRGLTGSARRLPVPRAKC, and a rhodamine 

probe was added to the side chain of the N-terminal lysine. The sequence of sVpr peptide 

is CGLLFIHFRIGSRHSRIG. The synthesis of the peptides was performed using a 

multichannel peptide synthesizer working on standard Fmoc/tBu chemistry. Both 

peptides were purified by semi-preparative HPLC chromatography (gradient: 5-65% B in 

20 minutes), and characterized by HPLC chromatography and mass spectrometry. 

MTS peptide:  

- HPLC (MTS peptide): tR 16.95. 

- ESI-MS (calcd: 3475.6): 1739.5 [M+H]2+, 696.2 [M+H]5+, 577.6 [M+H]6+. 

sVpr peptide: 

- HPLC (sVpr peptide): tR 12.83. 

- ESI-MS (calcd: 2068.4): 1034.9 [M+H]2+, 690.4 [M+H]3+. 

 

Compound 11 

 
To a solution of 2,2’-(ethylenedioxy)bis(ethylamine) (35.2 ml, 240.7 mmol) in CH2Cl2 

(180 ml) in an ice bath, a solution of Boc2O (26.2 g, 120.1 mmol) in CH2Cl2 (180 ml) was 

added dropwise over a period of 3 hours. The reaction mixture was stirred overnight at 

room temperature. The solvent was removed under reduced pressure and after mixing 

the residue with H2O (200 ml) the precipitate formed was filtered on celite. The filtrated 

H2O was extracted with CH2Cl2 (100 ml x 5), the organic phase was washed with H2O 

(100 ml x 2), brine (100 ml) and dried over Na2SO4. The evaporation of the solvent 

afforded compound 1 as a colorless oil (20.4 g, 82.2 mmol, 68%). 1H-NMR (300 MHz, 

CDCl3): ! 5.21 (br, 1H), 3.59-2.84 (m, 12H), 2.03 (s, 2H), 1.43 (s, 9H). 13C-NMR (75 

MHz, CDCl3): ! 155.92, 78.83, 73.14, 70.04, 41.51, 40.16, 28.27. IR (cm-1): ! 3352, 

2967, 2921, 2871, 1694, 1519, 1479, 1453, 1388, 1362, 1274, 1249, 1170, 1097, 999, 

865. ESI-MS: Found 249.3 (M+1)+, C11H24N2O4 requires = 248.17. 

 

 

 

 

 

H2N
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Compound 2 

 
To a solution of 3,3’-diaminodipropylamine (35.0 g, 266.9 mmol) in CH2Cl2 (180 ml) in 

an ice bath, a solution of Boc2O (58.3 g, 266.9 mmol) in CH2Cl2 (180 ml) was added 

dropwise over a period of 3 hours. The reaction mixture was stirred for 48 hours at room 

temperature. The solvent was removed under reduced pressure and the white residue 

obtained was mixed with H2O (150 ml). The product was extracted with CH2Cl2 (150 ml x 

5). The combined organic layers were washed with H2O (100 ml x 2), brine (200 ml) and 

dried over Na2SO4. After evaporation of the solvent, the purification of the crude by 

column chromatography (CH2Cl2/MeOH 95:5, 8:2) afforded compound 2 as a white 

powder (11.0 g, 33.2 mmol, 12%). m.p. 70°C. 1H-NMR (300 MHz, CDCl3): ! 5.20 (s, 

2H), 3.19 (q, 4H), 2.68 (t, 3J(H,H) = 6.6 Hz, 4H), 2.05 (s, 1H), 1.64 (qt, 4H), 1.42 (s, 

18H). 13C-NMR (75 MHz, CDCl3): ! 156.2, 79.1, 47.3, 38.8, 29.6, 28.4. IR (cm-1): ! 

3343, 2973, 2930, 1694, 1523, 1454, 1389, 1365, 1275, 1252, 1172, 867, 779. ESI-MS: 

Found 332.4 (M+1)+, C16H33N3O4 requires = 331.25. 

 

Compound 3 

 
To a solution of compound 2 (1.2 g, 3.62 mmol) in 40 ml of CH3CN, Na2CO3 (0.76 g, 7.24 

mmol) was added and the obtained suspension was stirred at 75°C for 5 minutes. N-(3-

bromopropyl)phtalimide (1.16 g, 4.34 mmol) was added to the suspension and the 

reaction was stirred for 24 hours at 75°C. After cooling down the mixture to room 

temperature, the reaction mixture was firstly filtrated to remove the excess of Na2CO3 

and then the solvent was removed under reduced pressure. The purification of the crude 

by column chromatography (CH2Cl2, then CH2Cl2/MeOH 95:5) afforded compound 3 as a 

white solid (1.45 g, 2.8 mmol, 77%). m.p. 52°C. 1H-NMR (300 MHz, CDCl3): ! 7.82 (m, 

2H), 7.66 (m, 2H), 5.23 (s, 2H), 3.68 (t, 3J(H,H) = 7.5 Hz, 2H), 3.18 (q, 3J(H,H) = 6.1 

Hz, 4H), 2.42 (m, 6H), 1.80 (qt, 3J(H,H) = 7.2 Hz, 2H), 1.60 (qt, 3J(H,H) = 6.6 Hz, 4H), 

1.41 (s, 18H). 13C-NMR (75 MHz, CDCl3): ! 168.4, 156.1, 134.0, 132.1, 123.2, 78.9, 

51.8, 51.5, 39.3, 36.3, 28.5, 27.0, 26.1. IR (cm-1): ! 3666, 3357, 2962, 2932, 2805, 

HN
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1770, 1697, 1676, 1525, 1444, 1398, 1363, 1269, 1249, 1161, 1110, 1022, 974, 878. 

ESI-MS: Found 519.0 (M+1)+, C27H42N4O6 requires = 518.31. 

 

Compound 4 

 
To a solution of compound 3 (1.45 g, 2.80 mmol) in a mixture of EtOH/toluene 2:1 (12 

ml + 6 ml), hydrazine hydrate (0.27 ml, 5.60 mmol) was added. The reaction mixture 

was stirred overnight at 50°C. After removing the solvent under reduced pressure, the 

residue was suspended in CH2Cl2 (100 ml) and washed with a 40% aqueous solution of 

KOH (50 ml x 10), brine (100 ml) and dried over Na2SO4. The final product was a yellow 

oil (1 g, 2.57 mmol, 92%). 1H-NMR (300 MHz, CDCl3): ! 5.32 (s, 2H), 3.12 (q, 3J(H,H) = 

6.2 Hz, 4H), 2.71 (t, 3J(H,H) = 6.9 Hz, 2H), 2.39 (t, 3J(H,H) = 6.7 Hz, 6H), 1.59 (qt, 6H), 

1.41 (s, 18H). 13C-NMR (75 MHz, CDCl3): ! 156.1, 79.0, 52.4, 51.8, 40.5, 39.2, 29.7, 

28.4, 27.0. IR (cm-1): ! 3676, 3352, 2972, 2810, 1689, 1509, 1454, 1388, 1362, 1274, 

1247, 1168, 1077, 1049, 865. ESI-MS: Found 389.4 (M+1)+, C19H40N4O4 requires = 

388.30. 

 

Compound 5 

 
To a solution of compound 4 (0.82 g, 2.1 mmol), in an ice bath, 5-azido pentanoic acid 

(0.25 g, 1.75 mmol), DIEA (3.05 ml, 17.5 mmol) and HOBt (0.36 mg, 2.63 mmol) in 

CH3CN (25 ml), EDC (0.67 mg, 3.5 mmol) was added. The reaction mixture was stirred 

for 48 hours at room temperature. The solvent was removed under reduced pressure and 

the residue obtained was mixed with AcOEt (50 ml). The organic phase was washed with 

saturated aqueous NaHCO3 solution (50 ml x 3), H2O (50 ml) and brine (50 ml). The 

organic layer was dried over Na2SO4 and the solvent evaporated under reduced pressure. 

The resulting material was purified by column chromatography (CH2Cl2/MeOH 9:1) 

yielding compound 5 as a yellow oil (0.87 g, 1.69 mmol, 96%). 1H-NMR (300 MHz, 

CDCl3): ! 6.76 (br, 1H), 5.08 (br, 2H), 3.29 (m, 4H), 3.15 (q, 3J(H,H) = 6.5 Hz, 4H), 

2.42 (m, 6H), 2.22 (t, 3J(H,H) = 7.2 Hz, 2H), 1.66 (m, 10H), 1.43 (s, 18H). 13C-NMR (75 

MHz, CDCl3): ! 172.45, 155.88, 78.55, 51.57, 50.95, 50.85, 38.94, 37.48, 35.41, 28.15, 
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28.11, 26.85, 26.24, 22.63. IR (cm-1): ! 3666, 3322, 2967, 2927, 2091, 1687, 1651, 

1522, 1451, 1391, 1362, 1272, 1247, 1163, 1075, 1055, 865. ESI-MS: Found 514.4 

(M+1)+, C24H47N7O5 requires = 513.36. 

 

Compound 6 

 
Compound 5 (400 mg, 0.78 mmol) was dissolved in a 4N HCl solution in dioxane (20 ml) 

and the reaction mixture was stirred for two hours at room temperature. The solvent was 

then evaporated under pressure affording compound 6 without further purification as a 

yellow oil (300.0 mg, 0.78 mmol, quantitative). 1H-NMR (300 MHz, D2O): ! 3.33 (m, 

10H), 3.13 (t, 3J(H,H) = 7.2 Hz, 4H), 2.33 (t, 3J(H,H) = 7.0 Hz, 2H), 2.16 (m, 4H), 1.99 

(m, 2H), 1.66 (m, 4H). 13C-NMR (75 MHz, CD3OD): ! 176.64, 52.55, 52.32, 51.38, 

38.13, 37.56, 36.52, 29.64, 25.31, 24.26, 23.27. IR (cm-1): ! 3661, 3372, 2937, 2648, 

2096, 1631, 1547, 1459, 1252, 1163, 1067, 953. ESI-MS: Found 314.4 (M+1)+, 

C14H31N7O requires = 313.27. 

  

Compound 7 

 
To a solution of compound 6 (320 mg, 0.59 mmol) in a mixture of CH3CN/THF 2:1 (8 ml 

+ 4 ml), N,N’-di-Boc-1H-pyrazole-1-carboxamidine (403.5 mg, 1.3 mmol) and DIEA (2.1 

ml, 11.8 mmol) were added. The reaction mixture was stirred for 48 hours at room 

temperature. The solvent was removed under reduced pressure and the residue obtained 

was mixed with AcOEt (30 ml). The organic phase was washed with H2O (30 ml), 

saturated aqueous NaHCO3 solution (30 ml x 3), H2O (30 ml) and brine (30 ml). The 

organic layer was dried over Na2SO4 and the solvent evaporated under reduced pressure. 

The resulting material was purified by column chromatography (AcOEt, AcOEt/MeOH 9:1) 

yielding compound 7 as a yellow oil (0.25 mg, 0.31 mmol, 53%). 1H-NMR (300 MHz, 

CDCl3): ! 11.49 (br, 2H), 8.44 (t, 2H), 6.50 (br, 1H), 3.44 (q, 3J(H,H) = 6.3 Hz, 4H), 

3.28 (m, 4H), 2.47 (m, 6H), 2.17 (t, 3J(H,H) = 7.2 Hz, 2H), 1.68 (m, 10H), 1.49 (s, 

36H). 13C-NMR (75 MHz, CDCl3): ! 170.14, 161.38, 153.96, 151.04, 80.90, 77.05, 49.54, 
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49.18, 49.01, 37.11, 36.11, 33.73, 26.33, 26.14, 25.91, 24.18, 23.82, 20.72. IR (cm-1): 

! 3661, 3327, 2972, 2096, 1719, 1613, 1411, 1365, 1328, 1287, 1252, 1229, 1151, 

1130, 1049, 1024, 809, 749. ESI-MS: Found 798.3 (M+1)+, C36H67N11O9 requires = 

797.51. 

 

Compound 8 

 
To a solution of compound 2 (2.0 g, 6.03 mmol) and DIEA (2.10 ml, 12.06 mmol) in 

CH3CN (30 ml) in an ice bath, a solution of benzyl bromoacetate (1.15 ml, 7.24 mmol) in 

CH3CN (30 ml) was added dropwise over a period of 2 hours. The reaction mixture was 

stirred 48 hours at room temperature. The solvent was removed under reduced pressure 

and the residue obtained was mixed with AcOEt (50 ml). The organic phase was washed 

with H2O (3 x 50 ml) and brine (50 ml) and the organic layer was dried over Na2SO4. 

After evaporation of the solvent, the purification of the crude by column chromatography 

(AcOEt/Cyclohexane 1:4, 2:3) afforded compound 8 as a white powder (2.2 g, 4.59 

mmol, 76%). m.p. 47°C. 1H-NMR (300 MHz, CDCl3): ! 7.36 (m, 5H), 5.24 (br, 2H), 5.16 

(s, 2H), 3.32 (s, 2H), 3.17 (q, 4H), 2.57 (t, 4H), 1.61 (qt, 4H), 1.44 (s, 18H). 13C-NMR 

(75 MHz, CDCl3): ! 169.78, 154.66, 134.26, 127.06, 126.83, 126.81, 77.04, 64.67, 

53.47, 50.50, 37.22, 27.00, 25.88. IR (cm-1): ! 3355, 2973, 2934, 1701, 1518, 1365, 

1251, 1171, 969. ESI-MS: Found 480.2 (M+1)+, C25H41N3O6 requires = 479.30. 

 

Compound 9 

 
To a solution of compound 8 (2.0 g, 4.17 mmol) in methanol (50 ml), 150 mg of Pd/C 

(10%) were added. The suspension was placed under H2 atmosphere and the reaction 

mixture was stirred for two hours at room temperature. The solution was filtered through 

a celite pad and the solvent was evaporated under reduced pressure, obtaining the 

compound 9 as a white solid (1.6 g, 4.11 mmol, 94%). m.p. 152°C. 1H-NMR (300 MHz, 

CDCl3): ! 5.44 (br, 2H), 3.53 (s, 2H), 3.23 (q, 4H), 3.10 (t, 4H), 1.89 (qt, 4H), 1.43 (s, 

18H). 13C-NMR (75 MHz, CDCl3): ! 169.63, 156.35, 79.02, 55.97, 52.34, 37.74, 28.42, 

24.71. IR (cm-1): ! 3327, 2972, 1689, 1630, 1517, 1451, 1388, 1363, 1274, 1247, 
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1163, 1039, 862, 778, 725. ESI-MS: Found 390.2 (M+1)+, C18H35N3O6 requires = 

389.25.!

 

Compound 10 

 
Compound 3 (0.70 g, 1.35 mmol) was dissolved in a 4N HCl solution in dioxane (10 ml) 

and the reaction mixture was stirred for two hours at room temperature. The solvent was 

then evaporated under pressure affording compound 10 without further purification as a 

white powder (0.52 g, 1.33 mmol, quantitative). m.p. 270°C. 1H-NMR (300 MHz, D2O): ! 

7.88 (m, 4H), 3.81 (t, 3J(H,H) = 6.8 Hz, 2H), 3.36 (m, 6H), 3.11 (t, 3J(H,H) = 7.8 Hz, 

4H), 2.16 (m, 6H). 13C-NMR (75 MHz, D2O): ! 170.52, 134.82, 131.24, 123.46, 50.79, 

50.00, 36.38, 34.65, 22.69, 21.56. IR (cm-1): ! 2955, 2918, 2849, 2360, 2337, 1738, 

1700, 1650, 1539, 1512, 1460. ESI-MS: Found 319.4 (M+1)+, C17H26N4O2 requires = 

318.22. 

 

Compound 11 

 
To a solution of compound 10 (0.30 g, 0.77 mmol), compound 9 (0.66 g, 1.69 mmol), 

DIEA (2.68 ml, 15.4 mmol) and HOBt (0.31 g, 2.31 mmol) in CH3CN (15 ml) in an ice 

bath, EDC (0.59 g, 3.08 mmol) was added. The reaction mixture was stirred for 48 hours 

at room temperature. The solvent was removed under reduced pressure and the residue 

obtained was mixed with AcOEt (50 ml). The organic phase was washed with saturated 

aqueous NaHCO3 solution (50 ml x 3), H2O (50 ml) and brine (50 ml). The organic layer 

was dried over Na2SO4 and the solvent evaporated under reduced pressure. The resulting 

material was purified by column chromatography (CH2Cl2/MeOH 9:1) yielding compound 

11 as a yellow oil (0.58 mg, 0.55 mmol, 71%). 1H-NMR (400 MHz, CDCl3): ! 7.84 (m, 

2H), 7.71 (m, 2H), 7.52 (br, 2H), 5.09 (br, 4H), 3.72 (t, 3J(H,H) = 7.1 Hz, 2H), 3.30 (q, 
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3J(H,H) = 6.4 Hz, 4H), 3.14 (q, 8H), 3.03 (s, 4H), 2.50 (m, 12 H), 1.95-1.65 (br, 4H), 

1.63 (m, 8H), 1.42 (s, 36H). 13C-NMR (100 MHz, CDCl3): ! 171.14, 167.91, 155.75, 

133.60, 131.55, 122.76, 78.32, 57.93, 52.16, 51.17, 51.08, 37.98, 36.85, 35.82, 28.03, 

27.09, 26.44, 25.45. IR (cm-1): ! 3333, 2968, 2930, 2820, 1708, 1524, 1453, 1393, 

1365, 1271, 1250, 1171, 1038, 868, 723. ESI-MS: Found 1061.7 (M+1)+, C53H92N10O12 

requires = 1060.69.!

 

Compound 12 

 
To a solution of compound 11 (0.25 g, 0.24 mmol) in a mixture of EtOH/toluene 2:1 (8 

ml + 4 ml), hydrazine hydrate (94 "l, 1.92 mmol) was added. The reaction mixture was 

stirred overnight at 50°C. After removing the solvent under reduced pressure, the 

residue was suspended in CH2Cl2 (100 ml) and washed with a 40% aqueous solution of 

KOH (100 ml x 10), brine (50 ml) and dried over Na2SO4. After evaporation of the 

solvent, compound 12 was afforded as a yellow oil (0.16 g, 0.17 mmol, 71%). 1H-NMR 

(400 MHz, CDCl3): ! 7.50 (br, 2H), 5.21 (br, 4H), 3.31 (q, 3J(H,H) = 6.4 Hz, 4H), 3.16 

(q, 8H), 3.04 (s, 4H), 2.76 (t, 3J(H,H) = 6.4 Hz, 2H), 2.47 (m, 14H), 2.04 (br, 2H), 1.64 

(m, 14H), 1.45 (s, 36H). 13C-NMR (100 MHz, CDCl3): ! 171.28, 155.96, 78.74, 58.27, 

52.43, 51.77, 51.45, 40.26, 38.20, 37.23, 29.42, 28.25, 27.44, 26.98. IR (cm-1): ! 

3326, 2967, 2929, 2866, 1694, 1527, 1454, 1365, 1272, 1251, 1171, 1080, 870. ESI-

MS: Found 931.4 (M+1)+, C45H90N10O10 requires = 930.68. 

 

Compound 13 
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To a solution of compound 6 (0.22 g, 0.56 mmol), compound 9 (0.44 g, 1.12 mmol), 

DIEA (1.95 ml, 11.2 mmol) and HOBt (0.23 g, 1.68 mmol) in CH3CN (15 ml) in an ice 

bath, EDC (0.43 g, 2.24 mmol) was added. The reaction mixture was stirred for 72 hours 

at room temperature. The solvent was removed under reduced pressure and the residue 

obtained was mixed with AcOEt (50 ml). The organic phase was washed with saturated 

aqueous NaHCO3 solution (50 ml x 4) and brine (50 ml x 2). The organic layer was dried 

over Na2SO4 and the solvent evaporated under reduced pressure. The resulting material 

was purified by column chromatography (AcOEt, then AcOEt/MeOH 9:1) yielding 

compound 13 as a yellow oil (0.32 mg, 0.3 mmol, 54%). 1H-NMR (400 MHz, CDCl3): ! 

7.48 (br, 2H), 7.16 (br, 1H), 5.02 (br, 4H), 3.28 (m, 8H), 3.12 (q, 8H), 2.99 (s, 4H), 

2.45 (m, 14H), 2.21 (t, 3J(H,H) = 7.1 Hz, 2H), 1.64 (m, 18H), 1.41 (s, 36H). 13C-NMR 

(100 MHz, CDCl3): ! 172.68, 171.34, 155.97, 78.88, 58.35, 52.41, 51.31, 50.94, 38.22, 

37.55, 37.16, 35.46, 28.27, 28.21, 27.45, 26.95, 26.44, 22.74. IR (cm-1): ! 3671, 3316, 

2972, 2932, 2091, 1689, 1654, 1522, 1451, 1362, 1269, 1246, 1166, 1077, 971, 867. 

ESI-MS: Found 1058.2 (M+1)+, C50H97N13O11 requires = 1055.74.!

 

Compound 14 

 
Compound 13 (0.20 g, 0.19 mmol) was dissolved in a 4N HCl solution in dioxane (10 ml) 

and the reaction mixture was stirred for two hours at room temperature. The solvent was 

then evaporated under pressure affording compound 14 without further purification as a 

yellow oil (0.14 g, 0.18 mmol, quantitative). 1H-NMR (300 MHz, D2O): ! 4.11 (s, 4H), 

3.32 (m, 22H), 3.12 (t, 3J(H,H) = 7.7 Hz, 8H), 2.33 (t, 3J(H,H) = 7.0 Hz, 2H), 2.17 (m, 

8H), 1.99 (m, 6H), 1.66 (m, 4H). 13C-NMR (100 MHz, CD3OD): ! 176.19, 166.07, 64.31, 

55.55, 53.92, 52.16, 37.97, 37.85, 37.47, 36.44, 29.47, 24.98, 24.13, 23.46. IR (cm-1): 

! 3666, 3367, 3246, 2957, 2922, 2856, 2096,1727, 1679, 1628, 1558, 1464, 1380, 

1269, 1120, 1072, 948. ESI-MS: Found 657.1 (M+1)+, C30H65N13O3 requires = 655.56.!
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Compound 15 

 
To a solution of compound 14 (180.0 mg, 0.23 mmol) in a mixture of CH3CN/THF 2:1 (8 

ml + 4 ml), N,N’-di-Boc-1H-pyrazole-1-carboxamidine (313.5 mg, 1.01 mmol) and DIEA 

(1.54 ml, 9.20 mmol) were added. The reaction mixture was stirred for 48 hours at room 

temperature. The solvent was removed under reduced pressure and the residue obtained 

was mixed with AcOEt (30 ml). The organic phase was washed with H2O (30 ml), 

saturated aqueous NaHCO3 solution (30 ml x 3), H2O (30 ml) and brine (30 ml). The 

organic layer was dried over Na2SO4 and the solvent evaporated under reduced pressure. 

The resulting material was purified by column chromatography (AcOEt, AcOEt/MeOH 9:1) 

yielding compound 15 as a white powder (250.0 mg, 0.15 mmol, 65%). m.p. 64°C. 1H-

NMR (400 MHz, CDCl3): ! 11.49 (br, 4H), 8.36 (br, 4H), 7.35 (br, 2H), 3.41 (q, 3J(H,H) = 

6.1 Hz, 8H), 3.26 (m, 8H), 3.04 (s, 4H), 2.53 (t, 3J(H,H) = 7.2 Hz, 8H), 2.35 (br, 6H), 

2.22 (t, 3J(H,H) = 7.1 Hz, 2H), 1.66 (m, 18H), 1.47 (s, 72H). 13C-NMR (100 MHz, CDCl3): 

! 170.72, 169.03, 161.36, 153.99, 151.11, 81.02, 77.06, 56.42, 50.74, 49.26, 48.97, 

36.92, 35.25, 33.42, 26.27, 26.17, 25.92, 25.11, 24.48, 24.35, 20.82. IR (cm-1): ! 

3661, 3327, 2967, 2096, 1719, 1633, 1613, 1570, 1411, 1365, 1322, 1249, 1226, 1128, 

1049, 1024, 875, 804. ESI-MS: Found 814.5 (M-8Boc)+, C74H137N21O19 requires = 

1624.04.!
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Compound 16 

 
To a solution of compound 14 (152.3 mg, 0.19 mmol), compound 9 (300.0 mg, 0.77 

mmol), DIEA (0.66 ml, 3.8 mmol) and HOBt (154.0 mg, 1.14 mmol) in CH3CN (15 ml) in 

an ice bath, EDC (291.4 mg, 1.52 mmol) was added. The reaction mixture was stirred for 

72 hours at room temperature. The solvent was removed under reduced pressure and 

the residue obtained was mixed with AcOEt (50 ml). The organic phase was washed with 

a saturated aqueous NaHCO3 solution (50 ml x 3), H2O (50 ml) and brine (50 ml x 1). 

The organic layer was dried over Na2SO4 and the solvent evaporated under reduced 

pressure. The resulting material was purified by column chromatography (AcOEt/MeOH 

9:1, 1:1) yielding compound 16 as a yellow oil (130.0 mg, 0.06 mmol, 32%). 1H-NMR 

(400 MHz, CDCl3): ! 7.63 (br, 2H), 7.51 (br, 4H), 5.15 (br, 8H), 3.28 (m, 16H), 3.12 (q, 

16H), 2.99 (s, 12H), 2.45 (m, 30H), 2.22 (t, 3J(H,H) = 7.2 Hz, 2H), 1.62 (m, 34H), 1.42 

(s, 72H). 13C-NMR (100 MHz, CDCl3): ! 58.32, 58.18, 52.43, 52.25, 51.42, 51.01, 38.28, 

37.50, 37.35, 36.66, 35.47, 29.55, 28.37, 28.29, 27.51, 27.08, 26.50, 26.48, 22.85. IR 

(cm-1): ! 3311, 2972, 2931, 2820, 2096, 1689, 1651, 1522, 1451, 1388, 1362, 1271, 

1249, 1165, 1077, 1041, 971, 865. ESI-MS: Found 1332.3 (M-8Boc)+, C102H197N25O23 

requires = 2140.50.!
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Compound 17 

 
Compound 16 (60.0 mg, 0.028 mmol) was dissolved in a 4N HCl solution in dioxane (5 

ml) and the reaction mixture was stirred for two hours at room temperature. The solvent 

was then evaporated under pressure affording compound 17 without further purification 

as a yellow oil (44.0 mg, 0.027 mmol, quantitative). 1H-NMR (400 MHz, D2O): ! 4.06 (m, 

12H), 3.32 (m, 48H), 3.12 (t, 3J(H,H) = 7.7 Hz, 16H), 2.33 (t, 3J(H,H) = 7.1 Hz, 2H), 

2.07 (m, 30H), 1.66 (m, 4H). 13C-NMR (100 MHz, CD3OD): ! 166.27, 120.66, 74.06, 

73.56, 64.34, 62.11, 55.53, 54.83, 54.04, 52.19, 49.90, 38.03, 29.50, 25.35, 24.18, 

23.50. IR (cm-1): ! 3367, 3230, 2956, 2096, 1676, 1636, 1563, 1462, 1393, 1264, 

1135, 1069, 940, 754. ESI-MS: Found 671.1 (M+1)2+, C62H133N25O7 requires = 1340.14.!
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Compound 18 

 
To a solution of compound 17 (40.0 mg, 0.025 mmol) in a mixture of CH3CN/THF 2:1 (4 

ml + 2 ml), N,N’-di-Boc-1H-pyrazole-1-carboxamidine (68.3 mg, 0.22 mmol) and DIEA 

(0.348 ml, 2.0 mmol) were added. The reaction mixture was stirred for 48 hours at room 

temperature. The solvent was removed under reduced pressure and the residue obtained 

was purified by column chromatography (CH2Cl2, CH2Cl2/MeOH 9:1) yielding compound 

18 as a yellow oil (30.0 mg, 0.009 mmol, 36%). 1H-NMR (400 MHz, CDCl3): ! 11.49 (br, 

8H), 8.38 (t, 8H), 7.62 (br, 4H), 7.44 (br, 4H), 6.35 (br, 2H), 3.42 (q, 3J(H,H) = 6.2 Hz, 

16H), 3.28 (m, 16H), 3.06 (br, 8H), 2.53 (m, 26H), 2.23 (t, 3J(H,H) = 7.2 Hz, 2H), 1.70 

(m, 32H), 1.47 (s, 148H). 13C-NMR (100 MHz, CDCl3): ! 163.42, 156.08, 153.17,119.20, 

83.12, 79.21, 53.38, 52.62, 52.16, 51.08, 38.95, 36.84, 35.45, 29.62, 28.38, 28.24, 

28.00, 27.01, 26.32. IR (cm-1): ! 3327, 2928, 2859, 2096, 1722, 1639, 1573, 1415, 

1366, 1328, 1285, 1252, 1136, 1053, 1027, 807. MALDI: Found 3279.2 (M+1)+, 

C150H277N41O39 requires = 3277.10.!

 

Compound 192 

 
To a solution of 2-[2-(2-chloroethoxy)ethoxy]ethanol (1.72 ml, 11.9 mmol) in dry THF 

(20 ml) in an ice bath, NaH (0.343 g, 14.3 mmol) was added in small amounts under 

argon atmosphere. After hydrogen was entirely emitted, propargyl bromide (80% in 

toluene) (1.33 ml, 11.9 mmol) was added to the solution in an ice bath and the mixture 
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was stirred overnight at room temperature. After neutralization of residual NaH by 

adding distilled H2O (10 ml), the mixture was extracted with CH2Cl2 (20 ml x 4). The 

organic phases were combined and dried over Na2SO4. The solvent was removed under 

reduced pressure and the purification of the residue by column chromatography 

(AcOEt/Cyclohexane 1:1) afforded compound 19 as a light yellow oil (1.9 g, 9.2 mmol, 

79%). 1H-NMR (300 MHz, CDCl3): ! 4.19 (d, 4J(H,H) = 2.4 Hz, 2H), 3.71 (m, 12H), 2.41 

(t, 4J(H,H) = 2.4 Hz, 1H). 13C-NMR (300 MHz, CDCl3): ! 79.4, 74.4, 71.0, 70.3, 70.1, 

68.8, 58.1, 42.5. IR (cm-1): ! 3435, 3271, 2911, 2877, 2116, 1719, 1452, 1356, 1296, 

1237, 1120, 929. ESI-MS: Found 207.3 (M+1)+, C9H15ClO3 requires = 206.07. 

 

Compound 203 

 
To a solution of compound 19 (2.0 g, 9.7 mmol) in DMF dry (100 ml), NaN3 (0.95 g, 14.6 

mmol) and KI (0.16 g, 0.97 mmol) were added. The reaction mixture was stirred 

overnight at 80°C. The reaction mixture was cooled to room temperature and the 

reaction was quenched with H2O (100 ml). The product was extracted with Et2O (100 ml 

x 3) and the combined organic layers were washed with H2O (100 ml x 2) and dried over 

Na2SO4. The purification of the residue by column chromatography (AcOEt/Cyclohexane 

1:1) afforded compound 20 as a light yellow oil (1.5 g, 7.03 mmol, 72%). 1H-NMR (300 

MHz, CDCl3): ! 4.19 (d, 4J(H,H) = 2.4 Hz, 2H), 3.62 (m, 10H), 3.39 (t, 3J(H,H) = 5.1 Hz, 

2H), 2.40 (t, 4J(H,H) = 2.4 Hz, 1H). 13C-NMR (300 MHz, CDCl3): ! 79.2, 74.2, 70.0, 69.8, 

69.4, 68.5, 57.7, 50.1. IR (cm-1): ! 3256, 2871, 2096, 1674, 1444, 1348, 1287, 1090, 

1034, 917, 840. ESI-MS: Found 186.2 (M-N2)+, C9H15N3O3 requires = 213.11. 

 

Compound 21 

 
To a solution of compound 20 (1.40 g, 6.56 mmol) in a mixture of THF/H2O 4:1 (120 ml 

+ 30 ml), PPh3 (3.44 g, 13.12 mmol) was added and the reaction mixture was stirred 

overnight at 55°C. The reaction mixture was cooled to room temperature and the solvent 

was removed under reduced pressure. The product was then dissolved in Et2O (50 ml) 

and 1M hydrochloric acid solution was added until the aqueous layer was at pH 1. The 

aqueous layer was washed with Et2O (50 ml x 2) and the pH was adjusted to 13 using 

1M NaOH solution. The product was extracted with CH2Cl2 (50 ml x 10) and then washed 

with brine (100 ml). The organic layers were combined and dried over Na2SO4. After 

evaporation of the solvent, compound 21 was afforded as an orange oil (0.85 g, 4.54 

N3
O O O

H

H2N
O O O

H



CHAPTER V  Experimental Part!
!

!"##!

mmol, 69%). 1H-NMR (300 MHz, CDCl3): ! 4.20 (d, 4J(H,H) = 2.4 Hz, 2H), 3.61 (m, 

10H), 2.95 (t, 3J(H,H) = 5.2 Hz, 2H), 2.42 (t, 4J(H,H) = 2.4 Hz, 1H), 2.41 (s, 2H). 13C-

NMR (300 MHz, CDCl3): ! 79.3, 74.3, 73.1, 70.2, 70.0, 69.9, 68.7, 58.0, 41.4. IR (cm-1): 

! 3372, 3246, 2866, 2111, 1593, 1459, 1348, 1092, 1031, 915, 839. ESI-MS: Found 

188.3 (M+1)+, C9H17NO3 requires =187.12. 

 

Compound 22 

 
To a solution of compound 21 (1.10 g, 5.88 mmol) and TEA (1.64 ml, 11.76 mmol) in 

CH2Cl2 (25 ml) in an ice bath, a solution of tert-butyl bromoacetate (0.87 ml, 5.88 mmol) 

in CH2Cl2 (25 ml) was added dropwise over a period of 30 minutes. The reaction mixture 

was stirred at room temperature for 48 hours. After the evaporation of the solvent, the 

purification of the crude by column chromatography (AcOEt/EtOH 9:1) afforded 

compound 22 as a yellow oil (1.10 g, 3.65 mmol, 62%). 1H-NMR (300 MHz, CDCl3): ! 

4.18 (d, 4J(H,H) = 2.4 Hz, 2H), 3.57 (m, 10H), 3.22 (s, 2H), 2.71 (t, 3J(H,H) = 5.3 Hz, 

2H), 2.38 (t, 4J(H,H) = 2.4 Hz, 1H), 2.19 (s, 1H), 1.38 (s, 9H). 13C-NMR (300 MHz, 

CDCl3): ! 171.4, 81.0, 79.6, 74.5, 70.7, 70.5, 70.4, 70.3, 69.1, 58.4, 51.7, 48.7, 28.1. 

IR (cm-1): ! 3260, 2973, 2870, 2112, 1733, 1459, 1365, 1237, 1154, 1105, 1035, 921, 

845. ESI-MS: Found 302.3 (M+1)+, C15H27NO5 requires = 301.19.!

 

Compound 23 

 
Compound 22 (0.50 g, 1.66 mmol) was dissolved in a TFA/CH2Cl2 solution (2 + 10 ml) 

and the reaction mixture was stirred for 48 hours at room temperature. The solvent was 

then evaporated under pressure affording compound 23 without further purification as a 

an orange oil (0.33 g, 1.35 mmol, 81%). 1H-NMR (300 MHz, D2O): ! 4.24 (d, 4J(H,H) = 

2.4 Hz, 2H), 3.91 (s, 2H), 3.78 (m, 10H), 3.35 (t, 3J(H,H) = 5.3 Hz, 2H), 2.89 (t, 4J(H,H) 

= 2.4 Hz, 1H). 13C-NMR (300 MHz, CDCl3): ! 169.0, 79.4, 75.0, 70.2, 70.1, 70.0, 68.9, 

65.8, 58.3, 48.2, 47.5. IR (cm-1): ! 3252, 2913, 2116, 1737, 1675, 1423, 1354, 1246, 

1195, 1133, 925, 833, 800. ESI-MS: Found 246.3 (M+1)+, C11H19NO5 requires = 245.13.!
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Compound 24 

 
To a suspension of C60 (100.0 mg, 0.14 mmol) in toluene (50 ml), after 30 minutes of 

sonication, compound 23 (75.1 mg, 0.21 mmol) and paraformaldehyde (20.9 mg, 0.70 

mmol) were added and the reaction mixture was heated under reflux. The occurring of 

the reaction was checked by TLC (toluene/AcOEt, 8:2). Approximately after 30 minutes 

the heating was stopped and the crude was purified by column chromatography (toluene, 

then AcOEt/toluene 8:2) afforded compound 24 as a brown solid (47 mg, 0.05 mmol, 

36%). 1H-NMR (300 MHz, CDCl3): ! 4.51 (s, 4H), 4.19 (d, 4J(H,H) = 2.4 Hz, 2H), 4.05 (t, 

3J(H,H) = 5.6 Hz, 2H), 3.78 (m, 8H), 3.37 (t, 3J(H,H) = 5.6 Hz, 2H), 2.42 (t, 4J(H,H) = 

2.4 Hz, 1H). 13C-NMR (300 MHz, CDCl3): ! 155.04, 147.28, 146.23, 146.05, 145.69, 

145.40, 145.27, 144.55, 143.10, 142.67, 142.23, 142.07, 141.88, 140.14, 136.22, 

74.75, 70.83, 70.78, 70.67, 70.56, 70.50, 69.21, 68.47, 58.47, 54.26. IR (cm-1): ! 

3286, 3246, 2851, 2780, 2334, 2111, 2081, 1995, 1734, 1673, 1535, 1459, 1426, 1340, 

1267, 1178, 1087, 1029, 915, 867, 763, 698. ESI-MS: Found 934.15 (M+1)+, C71H19NO3 

requires = 933.74.!

 

Compound 25 

 
To a solution of compound 24 (15.0 mg, 16.1 "mol) in a mixture of CH2Cl2/H2O (5 + 5 

ml), compound 7 (19.3 mg, 24.2 "mol) was added and the reaction mixture was 

degassed, bubbling Ar for 30 minutes. Sodium ascorbate (1.0 mg, 4.83 "mol) and then 

copper (II) sulfate pentahydrate (0.4 mg, 1.61 "mol) were added and the reaction 

mixture was stirred for 24 hours at room temperature under Ar atmosphere. The solvent 

was removed under reduced pressure and the residue obtained was mixed with CH2Cl2 

(20 ml). The organic phase was washed with H2O (30 ml x 2), 1M KHSO4 aqueous 

solution (30 ml x 2), H2O (30 ml) and brine (30 ml) and the organic layer was dried over 

Na2SO4. After the evaporation of the solvent, the purification of the crude by column 
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chromatography (toluene/MeOH 8:2) afforded compound 25 as a brown solid (5 mg, 

2.89 !mol, 18%). 1H-NMR (300 MHz, CDCl3): ! 11.41 (br, 2H), 8.50 (br, 2H), 7.62 (s, 

1H), 4.67 (s, 2H), 4.51 (s, 4H), 4.37 (t, 2H), 4.06 (t, 2H), 3.75 (m, 8H), 3.49 (q, 4H), 

3.37 (t, 4H), 3.28 (t, 2H), 2.32 (m, 6H), 1.71 (m, 10H), 1.49 (s, 18H), 1.48 (s, 18H). IR 

(cm-1): " 3326, 2955, 2955, 2918, 2918, 2851, 2850, 1734, 1733, 1642, 1642, 1462, 

1461, 1376, 1375, 1264, 1264, 1161, 1052, 1052, 888.665. ESI-MS: Found 1732.68 

(M+1)+, C107H86N12O12 requires = 1731.25.!

 

Compound 264 

 
To a solution of 3-bromo-1-propanol (1.5 g, 10.8 mmol) in a mixture of ethanol/H2O 1:1 

(20 ml, 50% v/v), sodium azide (2.8 g, 43.2 mmol) was added. The reaction mixture 

was stirred for 24 hours at 70°C. Ethanol was evaporated under reduced pressure and 

the product extracted with CH2Cl2 (20 ml x 3). The organic phase was dried over Na2SO4 

and the solvent was evaporated, affording compound 26 as a colorless oil (0.76 g, 7.48 

mmol, 70%). 1H-NMR (400 MHz, CDCl3): ! 3.70 (t, 3J(H,H) = 6.3 Hz, 2H), 3.41 (t, 3J(H,H) 

= 6.8 Hz, 2H), 2.15 (br, 1H), 1.79 (qt, 2H). 13C-NMR (100 MHz, CDCl3): ! 58.81, 47.82, 

31.00. IR (cm-1): " 3350, 2946, 2881, 2099, 1455, 1345, 1293, 1261, 1055, 955, 901. 

EI-MS: Found 72.1 (M-N2+1)+, C3H7N3O requires = 101.06. 

!

Compound 27$ 

 
To a solution of tripropargylamine (70.0 !l, 0.50 mmol) in a CH3CN/MeOH solution (1.5 + 

1.5 ml), compound 26 (200.0 mg, 1.98 mmol) and 2,6-lutidine (58 !l, 0.50 mmol) were 

sequentially added and the reaction mixture was degassed, bubbling Ar for 30 minutes. 

Cu(MeCN)4PF6 (3.7 !g, 0.01 mmol) was then added to the solution and the reaction 

mixture was stirred at room temperature for 72 hours. The solvent was removed under 

reduced pressure and the crude dissolved in a minimum quantity of MeOH and 

precipitated in Et2O, affording compound 27 as a white solid (56.0 mg, 0.13 mmol, 

26%). m.p. 83°C. 1H-NMR (400 MHz, DMSO-d): ! 8.03 (s, 3H), 4.66 (t, 3J(H,H) = 4.9 Hz, 

3H), 4.41 (t, 3J(H,H) = 6.8 Hz, 6H), 3.62 (s, 6H), 3.39 (q, 6H), 1.96 (qt, 6H). 13C-NMR 

(100 MHz, DMSO-d): ! 143.57, 124.16, 57.67, 47.26, 46.75, 33.17. IR (cm-1): " 3298, 
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2955, 2919, 2851, 1733, 1461, 1378, 1264, 1175, 1052, 889, 739. ESI-MS: Found 

435.3 (M+1)+, C18H30N10O3 requires = 434.25.!

 

Compound 28 

 
To a solution of mono acetilene pyrene (10.0 mg, 44.2 !mol), synthesized in our group 

by T. Marangoni, in a THF/H2O solution (4 + 1 ml), compound 7 (38.6 mg, 48.4 !mol) 

was added. The reaction mixture was degassed, bubbling Ar for 30 minutes and then 

sodium ascorbate (2.62 mg, 13.2 !mol) and then copper (II) sulfate pentahydrate (1.10 

mg, 4.4 !mol) were added. The reaction mixture was stirred for 24 hours at room 

temperature under Ar atmosphere. The solvent was removed under reduced pressure 

and the residue obtained was mixed with CHCl3 (20 ml). The organic phase was washed 

with H2O (20 ml x 3) and brine (30 ml) and the organic layer was dried over Na2SO4. 

After the evaporation of the solvent, the unreacted pyrene was removed by column 

chromatography (AcOEt/MeOH 9:1). Without further purifications, the crude was treated 

with 4N HCl solution in dioxane (5 ml) for two hours at room temperature. After the 

evaporation of the solvent, the crude was purified by HPLC, using as gradient 30-100% B 

in 20 minutes (tR: 6.47), affording compound 28 as an orange solid (3.1 mg, 4.46 !mol, 

10%). 1H-NMR (300 MHz, CDCl3): ! 8.57 (d, 1H), 8.50 (s, 1H), 8.22 (m, 7H), 8.06 (t, 

1H), 4.63 (t, 3J(H,H) = 6.7 Hz, 2H), 3.76 (s, 1H), 3.14 (m, 12H), 2.35 (t, 3J(H,H) = 7.3 

Hz, 2H), 2.03 (m, 8H), 1.75 (qt, 2H). 13C-NMR (75 MHz, CDCl3): ! 176.56, 158.82, 

148.32, 133.00, 132.90, 132.31, 129.92, 129.41, 129.21, 128.44, 128.42, 127.54, 

126.80, 126.43, 126.31, 126.22, 126.05, 125.87, 125.71, 125.57, 52.20, 51.67, 51.28, 

39.62, 37.32, 36.16, 30.88, 25.45, 24.55, 23.90. UV-Vis ("max, MeOH): 345 nm. IR (cm-

1): # 2955, 2922, 2853, 1738, 1688, 1461, 1183, 1096. ESI-MS: Found 624.3 (M+1)+, 

C16H20N2O6 requires = 623.40.!

 

Compound 29" 

 
To a solution of compound 1 (20.0 g, 80.5 mmol) in CH2Cl2 (180 ml) in an ice bath, a 

solution of benzyl-bromoacetate (12.7 ml, 80.5 mmol) in CH2Cl2 (180 ml) was added 
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dropwise over a period of 3 hours. The reaction mixture was stirred overnight at room 

temperature. The solvent was removed under reduced pressure and the residue was 

dissolved in CH2Cl2 (200 ml) and washed with H2O (100 ml x 3), brine (100 ml) and dried 

over Na2SO4. After evaporation of the solvent, the purification of the crude by column 

chromatography (CH2Cl2/MeOH 9 :1) afforded compound 29 as a yellow oil (20.4 g, 51.5 

mmol, 64%). 1H-NMR (200 MHz, CDCl3): ! 7.35 (m, 5H), 5.21 (br, 1H), 5.17 (s, 2H), 

3.53 (m, 10H), 3.30 (m, 2H), 2.81 (t, 3J (H,H) = 4.93 Hz, 2H), 1.99 (br, 1H), 1.43 (s, 

9H). 13C-NMR (200 MHz, CDCl3): ! 171.9, 155.8, 135.3, 128.3, 128.1, 78.9, 70.4, 70.1, 

70.0, 66.3, 64.6, 50.6, 48.5, 40.2, 30.7, 28.3. IR (cm-1): ! 3340, 2971, 2925, 2871, 

1708, 1665, 1519, 1455, 1365, 1273, 1251, 1173, 1118, 1042, 864. ESI-MS: Found 419 

(M+Na)+, C20H32N2O6 requires = 396.23.!

 

Compound 30" 

 
To a solution of compound 29 (14.0 g, 35.3 mmol) in methanol (600 ml), 1.4 g of Pd/C 

(10%) were added. The suspension was placed under H2 atmosphere and the reaction 

was stirred overnight at room temperature. The solution was filtered through a celite pad 

and the solvent was evaporated under reduced pressure, obtaining the compound 30 as 

a white solid (9.2 g, 30.0 mmol, 85%). m.p. 89°C. 1H-NMR (300 MHz, CDCl3): ! 10.56 

(br, 1H), 7.80 (br, 1H), 3.78-3.20 (m, 14H), 1.69 (br, 2H), 1.39 (s, 9H). 13C-NMR (75 

MHz, CDCl3): ! 170.6, 156.3, 79,3, 70.5, 70.4, 70.3, 66.7, 50.1, 47.0, 40.6, 28.7. IR 

(cm-1): ! 3343, 2959, 2924, 2872, 1706, 1632, 1523, 1369, 1252, 1173, 1113, 868. 

ESI-MS: Found 345.2 (M+K)+, C13H26N2O6 requires = 306.18. 

 

Compound 315 

 
To a solution of compound 1 (2.50 g, 10.1 mmol) in CH3CN (75 ml), mono-

methylphtalate (1.82 g, 10.1 mmol), BOP (5.79 g, 13.1 mmol) and DIEA (3,54 ml, 20.2 

mmol) were added. The reaction mixture was stirred at room temperature for 3 hours. A 

solution of Na2CO3 (2.14 g, 20.2 mmol) in H2O (30 ml) was added and the reaction was 

stirred for 5 hours at room temperature. The solvent was removed under reduced 

pressure and the residue obtained was dissolved in AcOEt (150 ml). The organic phase 

was washed with saturated aqueous NaHCO3 solution (150 ml x 3), H2O (150 ml x 1), 1M 

KHSO4 aqueous solution (150 ml x 3), H2O (150 ml) and brine (150 ml). The organic 
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layer was dried over Na2SO4 and the solvent evaporated under reduced pressure. The 

resulting material was purified by column chromatography (AcOEt/Cyclohexane 1:1) 

yielding compound 31 as a white powder (3.25 g, 8.59 mmol, 85%). m.p. 52°C. 1H-NMR 

(300 MHz, CDCl3) ! 7.86 (m, 2H), 7.76 (m, 2H), 5.08 (br, 1H), 3.60-3.20 (m, 12H), 1.47 

(s, 9H). 13C-NMR (75 MHz, CDCl3): ! 168.23, 155.96, 133.94, 132.06, 123.21, 79.06, 

70.23, 69.86, 67.89, 59.04, 40.32, 37.11, 28.39. IR (cm-1): " 3661, 3362, 2982, 2922, 

2876, 1772, 1704, 1683, 1522, 1438, 1395, 1365, 1319, 1249, 1165, 1125, 1021, 969, 

869, 781, 721. ESI-MS: Found 378.19 (M)+, C19H26N2O6 requires = 378.18.!

 

Compound 32% 

 
Compound 31 (3.0 g, 7.93 mmol) was dissolved in a 4N HCl solution in dioxane (75 ml) 

and the reaction mixture was stirred for two hours at room temperature. The solvent was 

then evaporated under pressure affording compound 32 without further purification as a 

white powder (2.20 g, 7.88 mmol, quantitative). m.p. 78°C. 1H-NMR (400 MHz, CD3OD) 

! 7.85 (m, 2H), 7.83 (m, 2H), 3.89-3.20 (m, 12H). 13C-NMR (100 MHz, CD3OD): ! 

168.57, 161.89, 134.17, 131.87, 123.37, 118.60, 70.05, 69.64, 68.24, 68.51, 39.68, 

37.31. IR (cm-1): " 3509, 3463, 2977, 2891, 2065, 1767,1704, 1630, 1608, 1482, 1416, 

1393, 1335, 1322, 1297, 1271, 1261, 1191, 1176, 1120, 1103, 1054, 1029, 996, 981, 

963, 807. ESI-MS: Found 278.3 (M)+, C14H18N2O4 requires = 278.13. 

 

Compound 33% 

 
To a solution of compound 32 (2.70 g, 8.60 mmol) and TEA (1.51 ml, 1.1 g) in CH2Cl2 

(25 ml) in an ice bath, a solution of benzyl-bromoacetate (1.38 ml, 8.60 mmol) in CH2Cl2 

(25 ml) was added dropwise over a period of 2 hours. The reaction mixture was stirred 

overnight at room temperature. The solvent was removed under reduced pressure and 

the residue was dissolved in AcOEt (100 ml) and washed with H2O (100 ml x 3), brine 

(100 ml) and dried over Na2SO4. After evaporation of the solvent, the purification of the 

crude by column chromatography (AcOEt, then AcOEt/MeOH 9:1) afforded compound 33 

as a white powder (1.0 g, 2.35 mmol, 27%). m.p. 72°C. 1H-NMR (300 MHz, CDCl3) ! 

7.62 (m, 2H), 7.49 (m, 2H), 7.16 (s, 5H), 4.95 (s, 2H), 3.8-2.7 (m, 14H), 2.1 (br, 1H). 
13C-NMR (75 MHz, CDCl3): ! 171.94, 167.94, 135.67, 133.76, 131.96, 128.40, 128.13, 
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122.99, 70.47, 70.09, 69.85, 67.72, 60.13, 50.70, 48.53, 37.09. IR (cm-1): ! 3360, 

2954, 2921, 2856, 1772, 1712, 1610, 1462, 1394, 1267, 1117, 1028, 879. ESI-MS: 

Found 426.19 (M)+, C23H26N2O6 requires = 426.18. 

 

Compound 34% 

 
To a solution of compound 33 (1.0 g, 2.35 mmol) in methanol (50 ml), 0.1 g of Pd/C 

(10%) were added. The suspension was placed under H2 atmosphere and the reaction 

was stirred overnight at room temperature. The solution was filtered through a celite pad 

and the solvent was evaporated under reduced pressure, obtaining the compound 34 as 

a white powder (0.6 g, 1.79 mmol, 76%). m.p. 142°C. 1H-NMR (300 MHz, CD3OD) " 

10.56 (br, 1H), 7.62 (m, 2H), 7.49 (m, 2H), 3.86-3.24 (m, 14H), 3.18 (br, 1H). 13C-NMR 

(75 MHz, CD3OD): " 168.37, 134.04, 131.89, 122.75, 69.99, 69.77, 67.66, 65.59, 

47.30, 46.87, 36.97. IR (cm-1): ! 2992, 2927, 2886, 1770, 1699, 1585, 1467, 1423, 

1396, 1355, 1319, 1191, 1135, 1094, 1067, 1014, 999, 857, 809. ESI-MS: Found 337.4 

(M+1)+, C16H20N2O6 requires = 336.34.!

 

Compound 356 

 
To a solution of maleic anhydride (1.96 g, 20.0 mmol) in dry DMF (20 ml), #-alanine 

(1.78 g, 20.0 mmol) was added and the mixture was stirred for about 1 hour until the 

complete dispersion of #-alanine. After cooling down the solution in an ice bath, N-

hydroxy-succinimide (2.88 g, 25.0 mmol) and DCC (8.25 g, 40.0 mmol) were added. 

After approximately 10 minutes, the ice bath was removed and the white-pink 

suspension was stirred for 4 hours under Argon atmosphere. The reaction mixture was 

filtered to remove the precipitated dicyclohexylurea (white crystals). The filtrate solution 

was diluted in 5 volumes of H2O and the product extracted 3 times with CH2Cl2 (50 ml x 

3). The organic phases were combined and dried over Na2SO4. After the evaporation of 

the solvent under reduced pressure, the orange residue was solubilised in CH2Cl2 and the 

product precipitated with petroleum ether. The white precipitate was crystallized with 

MeOH and cyclohexane affording compound 35 as white crystals (1.4 g, 5.26 mmol, 

26%). m.p. 161°C. 1H-NMR (200 MHz, CDCl3): ! 6.72 (s, 2H), 3.82 (t, 3J(H,H) = 7.0 Hz, 
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2H), 3.00 (t, 3J(H,H) = 7.0 Hz, 2H), 2.80 (s, 4H). 13C-NMR (200 MHz, CDCl3): ! 170.0, 

165.9, 134.2, 33.0, 29.8, 25.6. IR (cm-1): ! 3094, 2955, 1820, 1741, 1705, 1415, 1379, 

1201, 1145, 1073, 898, 832. ESI-MS: Found 289.1 (M+Na)+, C11H10N2O6 requires = 

266.05.!

!

V.3 Functionalization of MWCNTs 

 

Carbon Nanotubes C1 

 
500.0 mg of MWCNTs from “Nanostructured and Amorphous Materials” (NanoAmor) were 

sonicated in a water bath (20 W, 40 kHz) for 24 hours in a sulfuric acid/nitric acid 

solution (3:1 v/v, 98% and 65%, respectively) at room temperature. Deionized H2O was 

then carefully added and the oxidized MWCNTs were filtered (Omnipore® PTFE membrane 

filtration, 0.45 "m), re-suspended in water and filtered again until the pH became 

neutral. MWCNTs were then dialyzed against water (Spectra/Por® dialysis membrane 

MWCO 12-14,000 Da) for 3 days and then lyophilized, affording f-MWCNTs C1. 

MWCNTs C1 were characterized by TEM to determine the average length of oxidized 

CNTs: 0.26 "m (n=150). The degree of functionalization was determined by TGA: weight 

loss 7%, corresponding to a functionalization of 1.6 mmol/g. 

 

Carbon Nanotubes C2 

 
C1 (100.0 mg) was suspended in oxalyl chloride (10 ml) and sonicated in a water bath 

for 30 minutes. The reaction mixture was stirred at 60°C for 24 hours under Ar 

atmosphere. Oxalyl chloride was removed under reduced pressure and a solution of 

compound 1 (100.0 mg, 0.40 mmol) in dry THF was added to CNTs. The reaction mixture 

was stirred for 48 hours at 65°C under Ar atmosphere. After cooling the suspension to 

room temperature, CNTs were filtered over a PTFE membrane (0.45 "m). The solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 "m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum. CNTs were dialyzed against water (Spectra/Por® dialysis membrane 

MWCO 12-14,000 Da) for 3 days and then lyophilized, affording f-MWCNTs C2. 
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MWCNTs C2 were characterized by TEM and TGA. 

 

Carbon Nanotubes C3 

 
C2 (50.0 mg) was suspended in a 4N HCl solution in dioxane (50 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum, affording f-MWCNTs C3. 

The amount of free amines was determined with the Kaiser Test: 145 !mol/g. MWCNTs 

C3 were characterized by TEM and TGA. 

 

Carbon Nanotubes C4 

 
C3 (10.0 mg) was dispersed in DMF (10 ml) and sonicated in a water bath for 30 

minutes. DIEA (0.2 ml, 1.15 mmol) and N,N’-di-Boc-1H-pyrazole-1-carboxamidine 

(100.0 mg, 0.32 mmol) were added to the suspension and the reaction mixture was 

stirred for 48 hours at room temperature. CNTs were filtered over a PTFE membrane 

(0.45 !m) and the solid recovered on the filter was dispersed in DMF, sonicated in a 

water bath until thorough dispersion of the CNTs and filtered over a PTFE membrane 

(0.45 !m). This sequence was repeated 3 times with DMF, twice with MeOH and once 

with Et2O and then CNTs were dried under vacuum, affording f-MWCNTs C4. 

The amount of free amines was determined with the Kaiser Test: 75 !mol/g. Hence the 

amount of functionalization was 70 !mol/g. Yield: 52% 

MWCNTs C4 were characterized by TEM. 
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Carbon Nanotubes C5 

 
C4 (7.0 mg) was suspended in a 4N HCl solution in dioxane (7 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum, affording f-MWCNTs C5. 

MWCNTs C5 were characterized by TEM and TGA. 

 

Carbon Nanotubes C6 

 
C1 (30.0 mg) was suspended in oxalyl chloride (10 ml) and sonicated in a water bath for 

30 minutes. The reaction mixture was stirred at 60°C for 24 hours under Ar atmosphere. 

Oxalyl chloride was removed under reduced pressure and a solution of compound 4 

(300.0 mg, 0.77 mmol) in dry THF was added to CNTs. The reaction mixture was stirred 

for 48 hours at 65°C under Ar atmosphere. After cooling the suspension to room 

temperature, CNTs were filtered over a PTFE membrane (0.45 !m). The solid recovered 

on the filter was dispersed in DMF, sonicated in a water bath until thorough dispersion of 

the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was repeated 3 

times with DMF, twice with MeOH and once with Et2O and then CNTs were dried under 

vacuum. CNTs were dialyzed against water (Spectra/Por® dialysis membrane MWCO 12-

14,000 Da) for 3 days and then lyophilized, affording f-MWCNTs C6. 

MWCNTs C6 were characterized by TEM and TGA. 
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Carbon Nanotubes C7 

 
C6 (20.0 mg) was suspended in a 4N HCl solution in dioxane (10 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum, affording f-MWCNTs C7. 

The amount of free amines was determined with the Kaiser Test: 280 !mol/g. Hence the 

functionalization was 140 !mol/g. 

MWCNTs C7 were characterized by TEM and TGA. 

 

Carbon Nanotubes C8 

 
C7 (15.0 mg) was dispersed in DMF (10 ml) and sonicated in a water bath for 30 

minutes. DIEA (0.2 ml, 1.15 mmol) and N,N’-di-Boc-1H-pyrazole-1-carboxamidine 

(150.0 mg, 0.48 mmol) were added to the suspension and the reaction mixture was 

stirred 48 hours at room temperature. CNTs were filtered over a PTFE membrane (0.45 

!m) and the solid recovered on the filter was dispersed in DMF, sonicated in a water bath 

until thorough dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This 

sequence was repeated 3 times with DMF, twice with MeOH and once with Et2O and then 

CNTs were dried under vacuum, affording f-MWCNTs C8. 

The amount of free amines was determined with the Kaiser Test: 120 !mol/g. Hence the 

amount of functionalization of guanidinium groups equal to 160 !mol/g and the 

functionalization of the material equal to 80 !mol/g. Yield: 57%. 

MWCNTs C8 were characterized by TEM. 
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Carbon Nanotubes C9 

 
C8 (12.0 mg) was suspended in a 4N HCl solution in dioxane (12 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum, affording f-MWCNTs C9. 

MWCNTs C9 were characterized by TEM and TGA. 

 

Carbon Nanotubes C10 

 
C1 (30.0 mg) was suspended in 5 ml of oxalyl chloride and sonicated in a water bath for 

30 minutes. The reaction mixture was stirred at 60°C for 24 hours under Ar atmosphere. 

Oxalyl chloride was removed under reduced pressure and a solution of compound 12 

(120.0 mg, 0.13 mmol) in dry THF was added to CNTs. The reaction mixture was stirred 

for 48 hours at 65°C under Ar atmosphere. After cooling the suspension to room 

temperature, CNTs were filtered over a PTFE membrane (0.45 !m). The solid recovered 

on the filter was dispersed in DMF, sonicated in a water bath until thorough dispersion of 

the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was repeated 3 

times with DMF, twice with MeOH and once with Et2O and then CNTs were dried under 

vacuum. CNTs were dialyzed against water (Spectra/Por® dialysis membrane MWCO 12-

14,000 Da) for 3 days and then lyophilized, affording f-MWCNTs C10. 

MWCNTs C10 were characterized by TEM and TGA. 
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Carbon Nanotubes C11 

 
C10 (20.0 mg) was suspended in a 4N HCl solution in dioxane (5 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum, affording f-MWCNTs C11. 

The amount of free amines was determined with the Kaiser Test: 240 !mol/g. Hence the 

functionalization was 60 !mol/g. 

MWCNTs C11 were characterized by TEM and TGA. 

 

Carbon Nanotubes C12 

 
C11 (10.0 mg) was dispersed in DMF (5 ml) and sonicated in a water bath for 30 

minutes. DIEA (0.2 ml, 1.15 mmol) and N,N’-di-Boc-1H-pyrazole-1-carboxamidine 

(100.0 mg, 0.32 mmol) were added to the suspension and the reaction mixture was 

stirred for 48 hours at room temperature. CNTs were filtered over a PTFE membrane 

(0.45 !m) and the solid recovered on the filter was dispersed in DMF, sonicated in a 

water bath until thorough dispersion of the CNTs and filtered over a PTFE membrane 

(0.45 !m). This sequence was repeated 3 times with DMF, twice with MeOH and once 

with Et2O and then CNTs were dried under vacuum, affording f-MWCNTs C12. 

N
H

O

COOH

COOH

HOOC N

NH3

NH3NH

N

NH

O

O

N

NH3

NH3

Cl

Cl

Cl

Cl

N
H

O

COOH

COOH

HOOC

N

NH

N
O

NH

N
O

HN N

NH

O
O

OO

HN
N

NH

OO

O

O
NHN

HN

O

O

O O

NH
N

HN

O O

O

O



CHAPTER V  Experimental Part!
!

! "#$!

The amount of free amines was determined with the Kaiser Test: 80 !mol/g. Hence the 

amount of functionalization of guanidinium groups equal to 160 !mol/g and the 

functionalization of the material equal to 40 !mol/g. Yield: 67%. 

MWCNTs C12 were characterized by TEM. 

 

Carbon Nanotubes C13 

 
C12 (7.0 mg) was suspended in a 4N HCl solution in dioxane (10 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum, affording f-MWCNTs C13. 

MWCNTs C13 were characterized by TEM and TGA. 

 

Carbon Nanotubes C14 

 
C1 (25.0 mg) were suspended in DMF (25 ml) and sonicated in a water bath for 30 

minutes. Amino acid 23 (25.0 mg x 5, 0.51 mmol) and paraformaldehyde (37.5 mg x 5) 

were added by portions over 5 days (one addition per day). The reaction mixture was 

stirred at 115 °C for five days. After cooling the suspension to room temperature, CNTs 

were filtered over a PTFE membrane (0.45 !m). The solid recovered on the filter was 

dispersed in DMF, sonicated in a water bath until thorough dispersion of the CNTs and 

filtered over a PTFE membrane (0.45 !m). This sequence was repeated 3 times with 

DMF, twice with MeOH and once with Et2O and then CNTs were dried under vacuum. 
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CNTs were dialyzed against water (Spectra/Por® dialysis membrane MWCO 12-14,000 

Da) for 3 days and then lyophilized, affording f-MWCNTs C14. 

MWCNTs C14 were characterized by TEM and TGA. 

 

Carbon Nanotubes C15 

 
C3 (50.0 mg) was suspended in DMF (50.0 ml) and sonicated in a water bath for 30 

minutes. Hexinoic acid (50.0 !l, 0.45 mmol), DIEA (1.57 ml, 9.0 mmol) and HOBt (121.6 

mg, 0.9 mmol) were added to the suspension, in an ice bath, and then EDC (258.8 mg, 

1.35 mmol) was subsequently added. The reaction mixture was stirred for 3 days at 

room temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum, affording f-MWCNTs C15. 

The amount of free amines was determined with the Kaiser Test: 45 !mol/g. Hence the 

amount of functionalization was 100 !mol/g. Yield: 69% 

MWCNTs C15 were characterized by TEM and TGA. 

 

Carbon Nanotubes C16 

 
C15 (10.0 mg) was suspended in NMP (10 ml) and sonicated in a water bath for 30 

minutes. Compound 7 (50.0 mg, 62.7 !mol), compound 27 (5.4 mg, 12.5 !mol) and 

2,6-lutidine (0.37 ml, 3.14 mmol) were sequentially added and the reaction mixture was 

degassed, bubbling Ar for 30 minutes. Cu(MeCN)4PF6 (23.4 mg, 62.7 !mol) was then 

added to the solution and the reaction mixture was stirred at room temperature for 3 

days under Ar atmosphere. CNTs were filtered over a PTFE membrane (0.45 !m) and the 

solid recovered on the filter was dispersed in DMF, sonicated in a water bath until 

thorough dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This 
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sequence was repeated once with H2O, once with saturated aqueous ClNH4 solution, once 

with H2O, twice with DMF, twice with MeOH and once with Et2O and then CNTs were dried 

under vacuum, affording f-MWCNTs C16. 

MWCNTs C16 were characterized by TEM. 

 

Carbon Nanotubes C17 

 
C16 (7.0 mg) was suspended in a 4N HCl solution in dioxane (5 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum. CNTs were dialyzed against water (Spectra/Por® dialysis membrane 

MWCO 12-14,000 Da) for 3 days and then lyophilized, affording f-MWCNTs C17. 

The degree of functionalization was determined by TGA and was calculated as 80 !mol/g. 

MWCNTs C17 were characterized by TEM. 

 

Carbon Nanotubes C18 

 
C15 (10.0 mg) was suspended in NMP (10 ml) and sonicated in a water bath for 30 

minutes. Compound 15 (50.0 mg, 30.8 !mol), compound 27 (2.7 mg, 6.2 !mol) and 

2,6-lutidine (0.18 ml, 1.54 mmol) were sequentially added and the reaction mixture was 

degassed, bubbling Ar for 30 minutes. Cu(MeCN)4PF6 (11.5 mg, 30.8 !mol) was then 
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added to the solution and the reaction mixture was stirred at room temperature for 3 

days under Ar atmosphere. CNTs were filtered over a PTFE membrane (0.45 !m) and the 

solid recovered on the filter was dispersed in DMF, sonicated in a water bath until 

thorough dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This 

sequence was repeated once with H2O, once with saturated aqueous ClNH4 solution, once 

with H2O, twice with DMF, twice with MeOH and once with Et2O and then CNTs were dried 

under vacuum, affording f-MWCNTs C18. 

MWCNTs C18 were characterized by TEM. 

 

Carbon Nanotubes C19 

 
C18 (7.0 mg) was suspended in a 4N HCl solution in dioxane (5 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum. CNTs were dialyzed against water (Spectra/Por® dialysis membrane 

MWCO 12-14,000 Da) for 3 days and then lyophilized, affording f-MWCNTs C19. 

The degree of functionalization was determined by TGA and was calculated as 50 !mol/g. 

MWCNTs C19 were characterized by TEM. 
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Carbon Nanotubes C20 – C21 

 
MWCNTs purchased by NanoAmor (8.0 mg) or by Nanocyl (8.0 mg) were suspended in 

MeOH (5 ml) and sonicated in a water bath for 30 minutes. Compound 28 (0.8 mg, 1.28 

!mol, each) was added and the reaction mixture was stirred overnight at room 

temperature. CNTs were purified by 3 centrifugation cycles at 5000 rpm, and then dried 

under vacuum, affording f-MWCNTs C20 and C21, respectively. 

The degree of functionalization of C20 and C21 was determined by TGA and was 

calculated as 140 and 155 !mol/g, respectively. 

MWCNTs C20 and C21 were characterized by TEM. 

 

Carbon Nanotubes C22 

 
C1 (100.0 mg) was suspended in DMF (100 ml) and sonicated in a water bath for 30 

minutes. Amino acid 30 (100.0 mg x 5, 1.63 mmol) and paraformaldehyde (150.0 mg x 

5) were added by portions over 5 days (one addition per day). The reaction mixture was 

stirred at 115 °C for five days. After cooling the suspension to room temperature, CNTs 

were filtered over a PTFE membrane (0.45 !m). The solid recovered on the filter was 

dispersed in DMF, sonicated in a water bath until thorough dispersion of the CNTs and 

filtered over a PTFE membrane (0.45 !m). This sequence was repeated 3 times with 

DMF, twice with MeOH and once with Et2O and then CNTs were dried under vacuum. 

CNTs were dialyzed against water (Spectra/Por® dialysis membrane MWCO 12-14,000 

Da) for 3 days and then lyophilized, affording f-MWCNTs C22. 

MWCNTs C22 were characterized by TEM and TGA. 
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Carbon Nanotubes C23 

 
C1 (100.0 mg), amino acid 34 (150.0 mg, 0.46 mmol) and paraformaldehyde (200.0 

mg) were put in a microwave quartz vessel. The vessel was closed and introduced into a 

monomode microwave, where the mixture was irradiated for 1 hour at 50 MHz and at 

160°C. CNTs were dispersed in DMF and filtered over a PTFE membrane (0.45 !m). The 

solid recovered on the filter was dispersed in DMF, sonicated in a water bath until 

thorough dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This 

sequence was repeated 3 times with DMF, twice with MeOH and once with Et2O and then 

CNTs were dried under vacuum. CNTs were dialyzed against water (Spectra/Por® dialysis 

membrane MWCO 12-14,000 Da) for 3 days and then lyophilized, affording f-MWCNTs 

C23. 

MWCNTs C23 were characterized by TEM and TGA. 

 

Carbon Nanotubes C24a 

 
C22 (20.0 mg) was suspended in a 4N HCl solution in dioxane (20 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum, affording f-MWCNTs C24a. 

The amount of free amines was determined with the Kaiser Test: 70 !mol/g. 

MWCNTs C24a were characterized by TEM and TGA. 
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Carbon Nanotubes C24b 

 
C23 (80.0 mg) was suspended in a EtOH/Toluene solution (40.0 + 20.0 ml) and 

sonicated in a water bath for 30 minutes. Hydrazine hydrate (320.0 !l, 6.60 mmol) was 

added to the suspension and the reaction mixture was stirred overnight at 60°C. CNTs 

were filtered over a PTFE membrane (0.45 !m) and the solid recovered on the filter was 

dispersed in MeOH, sonicated in a water bath until thorough dispersion of the CNTs and 

filtered over a PTFE membrane (0.45 !m). This sequence was repeated twice with MeOH, 

3 times with DMF, twice with MeOH and once with Et2O and then CNTs were dried under 

vacuum, affording f-MWCNTs C24b. 

The amount of free amines was determined with the Kaiser Test: 60 !mol/g. 

MWCNTs C24b were characterized by TEM and TGA. 

 

Carbon Nanotubes C25 

 
C24 (50.0 mg) was suspended in DMF (20 ml) and sonicated in a water bath for 30 

minutes. DIEA (2.0 ml, 11.5 mmol) and compound 35 (250.0 mg, 0.94 mmol) were 

added to the suspension and the reaction mixture was stirred at room temperature for 48 

hours. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid recovered on 

the filter was dispersed in MeOH, sonicated in a water bath until thorough dispersion of 

the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was repeated 3 

times with DMF, twice with MeOH and once with Et2O and then CNTs were dried under 

vacuum, affording f-MWCNTs C25. 

The amount of free amines was determined with the Kaiser Test: 10 !mol/g. Hence the 

amount of functionalization was 60 !mol/g. Yield: 86%. 

MWCNTs C25 were characterized by TEM and TGA. 
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Carbon Nanotubes C26 

 
C25 (3.0 mg) was suspended in deionized H2O (2 ml) and sonicated in a water bath for 

30 minutes. MTS peptide (0.59 mg, 0.17 !mol) was added to the suspension and the 

reaction mixture was stirred at room temperature under Ar atmosphere. The reaction 

was monitored by HPLC at specific reaction times (0, 2, 4 and 24 hours) collecting 

aliquots of the reaction mixture and centrifuged at high speed in order to precipitate the 

nanotubes. The supernatant, containing unreacted peptide, was injected into the HPLC to 

observe the occurrence of the reaction following the decrease of the peptide intensity 

along the time. The reaction was stopped after 24 hours with the complete 

disappearance of the peptide peak from the HPLC spectra. CNTs were dialyzed against 

water (Spectra/Por® dialysis membrane MWCO 12-14,000 Da) for 3 days and then 

lyophilized, affording f-MWCNTs C26. 

The degree of functionalization was determined by TGA and was calculated as 25 !mol/g. 

MWCNTs C26 were characterized by TEM and fluorescence spectroscopy ("ext 565 nm). 

 

Carbon Nanotubes C27 

 
C24 (3.5 mg) was suspended in deionized H2O (2 ml) and sonicated in a water bath for 

30 minutes. MTS peptide (0.73 mg, 0.21 !mol) was added to the suspension and the 

reaction mixture was stirred at room temperature under Ar atmosphere. The reaction 

was monitored by HPLC at specific reaction times (0, 2, 4 and 24 hours) collecting 

aliquots of the reaction mixture and centrifuged at high speed in order to precipitate the 

nanotubes. The supernatant, containing the peptide not adsorbed on the surface of CNTs, 

was injected into the HPLC to observe the occurrence of the reaction following the 

decrease of the peptide intensity along the time. The reaction was stopped after 24 hours 

with the complete disappearance of the peptide peak from the HPLC spectra. CNTs were 

dialyzed against water (Spectra/Por® dialysis membrane MWCO 12-14,000 Da) for 3 

days and then lyophilized, affording f-MWCNTs C27. 
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The degree of functionalization was determined by TGA and was calculated as 27 !mol/g. 

MWCNTs C27 were characterized by TEM and fluorescence spectroscopy ("ext 565 nm). 

 

Carbon Nanotubes C28 

 
C24 (5.0 mg) was suspended in DMF (5 ml) and sonicated in a water bath for 30 

minutes. DIEA (0.1 ml, 0.58 mmol) and sulforhodamine B acid chloride (5.0 mg, 8.66 

!mol) were added to the suspension and the reaction mixture was stirred at room 

temperature for 48 hours. CNTs were filtered over a PTFE membrane (0.45 !m) and the 

solid recovered on the filter was dispersed in MeOH, sonicated in a water bath until 

thorough dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This 

sequence was repeated 6 times with DMF, twice with MeOH and once with Et2O and then 

CNTs were dried under vacuum, affording f-MWCNTs C28. 

The degree of functionalization was determined by TGA and was calculated as 60 !mol/g. 

MWCNTs C28 were characterized by TEM and fluorescence spectroscopy ("ext 565 nm). 

 

Carbon Nanotubes C29 

 
C25 (10.0 mg) was suspended in deionized H2O (4 ml) and sonicated in a water bath for 

30 minutes. sVpr peptide (0.5 mg, 0.24 !mol) was added to the suspension and the 

reaction mixture was stirred at room temperature under Ar atmosphere. The reaction 

was monitored by HPLC at specific reaction times (0, 2, 4 and 24 hours) collecting 

aliquots of the reaction mixture and centrifuged at high speed in order to precipitate the 

nanotubes. The supernatant, containing unreacted peptide, was injected into the HPLC to 

observe the occurrence of the reaction following the decrease of the peptide intensity 

along the time. The reaction was stopped after 24 hours with the complete 
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disappearance of the peptide peak from the HPLC spectra. CNTs were dialyzed against 

water (Spectra/Por® dialysis membrane MWCO 12-14,000 Da) for one day and then 

lyophilized, affording f-MWCNTs C29. 

The degree of functionalization was determined by TGA and was calculated as 35 !mol/g. 

MWCNTs C29 were characterized by TEM. 

 

Carbon Nanotubes C30 

 
C29 (3.0 mg) was suspended in deionized H2O (2 ml) and sonicated in a water bath for 

30 minutes. MTS peptide (0.24 mg, 0.07 !mol) was added to the suspension and the 

reaction mixture was stirred at room temperature under Ar atmosphere. The reaction 

was monitored by HPLC at specific reaction times (0, 2, 4 and 24 hours) collecting 

aliquots of the reaction mixture and centrifuged at high speed in order to precipitate the 

nanotubes. The supernatant, containing unreacted peptide, was injected into the HPLC to 

observe the occurrence of the reaction following the decrease of the peptide intensity 

along the time. The reaction was stopped after 24 hours with the complete 

disappearance of the peptide peak from the HPLC spectra. CNTs were dialyzed against 

water (Spectra/Por® dialysis membrane MWCO 12-14,000 Da) for one day and then 

lyophilized, affording f-MWCNTs C30. 

The degree of functionalization was determined by TGA and was calculated as 15 !mol/g. 

MWCNTs C30 were characterized by TEM and fluorescence spectroscopy ("ext 565 nm). 
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C25 (30.0 mg) was suspended in DMF (10.0 ml) and sonicated in a water bath for 30 

minutes. Compound 12 (150.0 mg, 0.24 mmol), DIEA (0.42 ml, 2.40 mmol) and HOBt 

(64.8 mg, 0.48 mmol) were added to the suspension, in an ice bath, and then EDC 

(184.0 mg, 0.96 mmol) was subsequently added. The reaction mixture was stirred for 3 

days at room temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the 

solid recovered on the filter was dispersed in DMF, sonicated in a water bath until 

thorough dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This 

sequence was repeated once with a saturated aqueous NaHCO3 solution, twice with DMF, 

twice with MeOH and once with Et2O and then CNTs were dried under vacuum, affording 

f-MWCNTs C31. 

MWCNTs C31 were characterized by TGA and TEM. 

 

Carbon Nanotubes C32 

 
C31 (26.0 mg) was suspended in a TFA/CH2Cl2 solution (5 + 5 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 

repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum, affording f-MWCNTs C32. 

The degree of functionalization was determined by TGA and was calculated as 55 !mol/g. 

MWCNTs C32 were characterized by TEM. 
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Carbon Nanotubes C33 

 
C32 (17.0 mg) was dispersed in DMF (5 ml) and sonicated in a water bath for 30 

minutes. DIEA (0.3 ml, 1.73 mmol) and N,N’-di-Boc-1H-pyrazole-1-carboxamidine 

(170.0 mg, 0.54 mmol) were added to the suspension and the reaction mixture was 

stirred 48 hours at room temperature. CNTs were filtered over a PTFE membrane (0.45 

!m) and the solid recovered on the filter was dispersed in DMF, sonicated in a water bath 

until thorough dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This 

sequence was repeated 3 times with DMF, twice with MeOH and once with Et2O and then 

CNTs were dried under vacuum, affording f-MWCNTs C33. 

MWCNTs C33 were characterized by TEM. 

 

Carbon Nanotubes C34 

 
C33 (7.0 mg) was suspended in a TFA/CH2Cl2 solution (3 + 3 ml) and sonicated in a 

water bath for 30 minutes. The reaction mixture was stirred overnight at room 

temperature. CNTs were filtered over a PTFE membrane (0.45 !m) and the solid 

recovered on the filter was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of the CNTs and filtered over a PTFE membrane (0.45 !m). This sequence was 
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repeated 3 times with DMF, twice with MeOH and once with Et2O and then CNTs were 

dried under vacuum, affording f-MWCNTs C34. 

The degree of functionalization was determined by TGA and was calculated as 40 !mol/g. 

Yield: 72% 

MWCNTs C34 were characterized by TEM. 

 

Carbon Nanotubes C35 

 
C34 (3.6 mg) was suspended in deionized H2O (2 ml) and sonicated in a water bath for 

30 minutes. MTS peptide (0.58 mg, 0.17 !mol) was added to the suspension and the 

reaction mixture was stirred at room temperature under Ar atmosphere. The reaction 

was monitored by HPLC at specific reaction times (0, 2, 4 and 24 hours) collecting 

aliquots of the reaction mixture and centrifuged at high speed in order to precipitate the 

nanotubes. The supernatant, containing unreacted peptide, was injected into the HPLC to 

observe the occurrence of the reaction following the decrease of the peptide intensity 

along the time. The reaction was stopped after 24 hours with the complete 

disappearance of the peptide peak from the HPLC spectra. CNTs were dialyzed against 

water (Spectra/Por® dialysis membrane MWCO 12-14,000 Da) for 2 days and then 

lyophilized, affording f-MWCNTs C35. 

The degree of functionalization was determined by TGA and was calculated as 30 !mol/g. 

Yield: 50%. 

MWCNTs C35 were characterized by TEM and fluorescence spectroscopy ("ext 565 nm). 
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V.4 Biological experiment 

 

V.4.1 Gel Electrophoresis 

 

In this experiment the plasmid DNA pCR3-EYFP and the non-coding siRNA Alexa 546-

labelled siNEG (UGC-GCU-ACG-AUC-GAC-GAU-G55) (from Eurogentec, UK) were used. 

 

0.20 !g of pDNA or 0.25 !g of siRNA in 30 !l of 5% dextrose was complexed to f-MWCNT 

in 30 !l of 5% aqueous solution of dextrose at different N/P charge ratios (1:1 to 25:1 

+/- charge ratio). 0.20 !g of free pDNA or 0.25 !g of free siRNA were used as a control. 

The suspensions were left at room temperature for 30 minutes to allow the formation of 

the complexes. After staining with 6x Orange Loading Dye (Fermentas), the suspensions 

were added to agarose gel containing propidium bromide or GelRed (Biotium) stain. For 

pDNA complexation experiment, agarose gel 0.8% in TAE buffer and 1 Kb DNA ladder 

(Invitrogen) were used, whereas for siRNA complexation, agarose gel 1% in TAE buffer 

and 50 bp DNA ladder (Fermentas) were used. The gels were run at 150 V for 30 (pDNA) 

or 45 minutes (siRNA) and then photographed under UV light. 

 

V.4.2 Cellular uptake studies of dendron-MWCNTs  

 

These experiments were performed in collaboration with the group of Prof. K. Kostarelos 

at the School of Pharmacy, University of London (UK), and with the group of Dr. K. T. Al- 

Jamal at the Kings College London (UK). 

 

V.4.2.1 Cells and cell culture 

 

A549 cells were maintained and passaged in DMEM media, respectively, supplemented 

with 10% fetal bovine serum (FBS), 50 U/ml penicillin, 50 µg/ml streptomycin, 1% L-

glutamine. Cells were incubated at 37°C in a humidified atmosphere containing 5% of 

CO2. 

 

V.4.2.2 Cellular uptake studies 

 

Alexa 546-labelled siRNA was used to prepare siRNA complexes to assess the ability of f-

MWCNTs to transfer siRNA into A549 cells. siRNA was complexed with f-MWCNTs at 1:16 

mass ratio. Cells were grown to confluency on glass coverslips in 24-well plates at a 

density of 10,000 cells per well. 24 hours later, cells were incubated with the complexes. 



CHAPTER V  Experimental Part!
!

! "#$!

50 !l of the pre-formed siRNA complex was diluted 10 times with serum free media 

yielding the final concentrations at 80 nM (1 !g/ml) and 16 !g/ml for siRNA and f-

MWCNTs, respectively.  After 4 hours of incubation, fresh media containing 20% FBS was 

added to each well to make the final concentration to 10% serum. After 24 hours, cells 

were washed with PBS solution and fixed with 4% paraformaldehyde (PFA) in PBS for 15 

minutes at room temperature and then rinsed with PBS. For imaging cells under light 

microscopy, light micrographs of the cells were taken after 4 and 24 hours using 

Olympus CK40 microscope and AxioVersion 4.6 software. Images were captured in bright 

field and differential interference contrast (DIC) mode. 

 

V.4.3 Cellular uptake and viability studies of MTS-MWCNTs 

 

These experiments were performed with the help of Dr. J. Russier from our group. 

 

V.4.3.1 Cells and cell culture 

 

Mouse macrophages (RAW 264.7) or human HeLa cells (cervix epithelioid carcinoma) 

were obtained from American Type Culture Collection (ATCC). Both cellular types were 

cultured under controlled atmosphere (37°C, 5% CO2) in RPMI 1640 supplemented with 

10% heat inactivated fetal bovine serum (FBS) and 100 U/ml gentamycin. In addition, 

for the murine cell line, the culture medium contained "-mercaptoethanol (50 !M) and 

HEPES (20 mM). When confluence reached 70-80%, RAW 264.7 macrophages and HeLa 

cells were detached with a phosphate buffer saline (PBS)-EDTA (2 mM) solution or 

trypsinized, respectively, and subcultured in T75 cm2 flasks. Before in vitro experiments, 

either RAW 264.7 or HeLa cells were removed from culture flasks and reseeded in 24 well 

plates (5x105 cells/well, 400 !l/well) and allowed to adhere overnight prior 

experimentation. For microscopy procedures, cells were plated in 24 well plates as 

described using glass coverslips in addition. 

 

V.4.3.2 Cellular uptake studies performed by epifluorescence microscopy 

 

For epifluoresce microscopy studies, RAW 264.7 cells were exposed to carbon nanotubes 

C26 (100 !g/ml) during 24 hours (37°C, 5% CO2) taking free MTS peptide and CNTs 

C28 as control. It is important to note that the tested concentrations of free MTS peptide 

were calculated in order to expose cells to equal amounts of free or conjugated peptide. 

After incubation, cells were washed twice with TBS and saturation was performed in TBS 

supplemented with 1% BSA (20-30 minutes at 4°C) in order to avoid non specific binding 
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of the antibodies used for staining. For cellular membrane staining, cells were first 

incubated with an anti-mouse CD11b-biotinylated primary antibody (BD Pharmigen; 

diluted 1:100) for 1 hour at 4°C and then with Streptavidin-Alexa488 (Molecular Probes; 

diluted 1:500) for 30 minutes at 4°C. RAW 264.7 cells were then fixed with 4% 

paraformaldehyde for 1 hour at 4°C and nuclei were counterstained with DAPI (Sigma; 

0.1 !g/ml) for 10 minutes at room temperature. Finally cells were mounted on glass 

slides with Vectashield (Vector Laboratories) and images were acquired using 

epifluorescence microscope Zeiss Axioskop 2 microscope with a 40x objective (Carl Zeiss 

Inc.) applying identical acquisition parameters to all samples. 

 

V.4.3.3 Cellular uptake studies performed by laser scanning confocal 

microscopy (LSCM) 

 

For laser scanning confocal microscopy studies, RAW 264.7 and HeLa cells were exposed 

to carbon nanotubes C26 (10, 25, 50 and 100 !g/ml) during 24 and 48 hours (37°C, 5% 

CO2). Again, free MTS peptide and CNTs C28 were used as controls and the 

concentrations of free MTS peptide were calculated in order to expose cells to equal 

amounts of free or conjugated peptide. In addition to cellular membrane and nuclei 

staining, mitochondria were also localized using MitoTracker® Deep Red 633. More in 

details, MitoTracker® Deep Red 633 (500 !M) was added to cellular cultures 2 hours 

before the end of the incubation time. As previously reported for epifluorescence 

microscopy studies, cells were washed twice with TBS and saturation was performed in 

TBS supplemented with 1% BSA (20-30 minutes at 4°C). For cellular membrane staining, 

RAW 264.7 and HeLa cells were first incubated with an anti-mouse CD11b- or an anti-

human CD95- (Fas/APO-1) biotinylated primary antibody (BD Pharmigen; diluted 1:100), 

respectively (1 h at 4°C) and then with Streptavidin-Alexa488 (Molecular Probes; diluted 

1:500, 30 min at 4°C). Cells were then fixed with 4% paraformaldehyde (1 h at 4°C) and 

nuclei were counterstained with DAPI (Sigma; 0.1 !g/ml, 10 min at room temperature). 

Finally, cells were mounted on glass slides with Vectashield (Vector Laboratories) and 

images were acquired using a Zeiss LSM 700 Laser Scanning Microscope with a 63x oil 

immersion objective (Carl Zeiss Inc.) applying identical acquisition parameters to all 

samples. 
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V.4.3.4 Cellular uptake studies performed by transmission electron microscopy 

(TEM) 

 

In order to investigate the cellular internalisation mechanism and the subcellular location 

of functionalized CNTs by transmission electron microscopy, RAW 264.7 and HeLa cells 

were exposed to C26 (50 and 100 !g/ml) during 24 or 48 hours. In these studies, CNTs 

C28 were used as control. At the end of incubation time, cells were washed with TBS and 

fixed overnight at 4°C with 2.5% glutaraldehyde. On the following day, cells were 

washed twice in distilled water and then submitted to a secondary fixation with 1% 

aqueous osmium tetroxide (30 min at room temperature). After rinsing cells three times 

with distilled water, dehydratation was performed through a series of baths: twice with 

50% ethanol (10 min), once with 70% ethanol (20 min), once with ethanol 95% (10 

min), twice with absolute ethanol (10 min) and finally twice with propylene oxide (for 10 

minutes each). Infiltration with Epoxy resin (Epon) was done using a mixture of 

propylene oxide and Epon resin in 2:1 (1 hour) and 1:2 (1 hour) ratio and finally with 

pure resin (1 hour). On the last day, resin was replaced with fresh one and further 

incubated during three hours. Polymerized block with embedded cells were then prepared 

filling gelatine capsules with fresh resin and placing them upon the glass coverslips on 

which cells were grown. The as prepared capsules were then placed into the oven to 

polymerize the resin at 60°C for 48 hours afterwards glass coverslips were removed from 

the polimerized block surface and ultrathin sections (65-85 nm thick) were obtained 

using an ultramicrotome (Leica) with a diamond knife (DiATOME). The ultrathin sections 

were then collected on butyar-coated single-slot copper grids, stained with 1% uranyl 

acetate for 30 minutes and with lead citrate for 2 minutes. Grids were then examined by 

TEM. 

 

V.4.3.5 Cell viability studies 

 

The viability studies were conducted using propidium iodide (PI) staining. PI is a 

fluorescent intercalating agent that stains DNA in cells that have lost their plasma 

membrane integrity (late stage of apoptosis or death). 

For in vitro cytotoxicity evaluation, RAW 264.7 and HeLa cells were incubated during 24 

hours with CNTs derivative C26 and controls (free MTS, C1 and C28) at concentrations 

ranging from 5 to 100 !g/ml. After incubation, cells were harvested and stained with PI 

(1 !g/ml) for flow cytometry analysis of cellular viability. The percentage of unstained 

cells was determined by acquiring fluorescence from at least 25000 individual cells using 

a FACS Calibur (BD Biosciences) and analysing the data with FlowJo software. 
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V.4.4 Mitochondrial uptake and toxicity studies of MTS-MWCNTs and MTS-sVpr-

MWCNTs 

 

These experiments were performed in collaboration with the group of Prof. P. Bernardi at 

the University of Padova, with the help of Dr. V. Petronilli and Dr. E. Basso. 

 

V.4.4.1 Mitochondria isolation 

 

Isolated mitochondria were obtained from the liver of CD1 mice. After removing the liver 

from the animal, the organ was placed in an isolation buffer (250 mM sucrose, 10 mM 

Tris·HCl pH 7.4 and 0.1 mM EGTA-Tris). All the procedure was conducted at 4°C. In a 

small volume of isolation buffer, the tissue was thoroughly minced with scissors, rinsing 

it several times with isolation buffer to remove the blood. The suspension obtained was 

homogenized in about 10-15 ml of isolation buffer with 3 strokes. The suspension was 

diluted to 20-25 ml with isolation buffer and spun at 700 g for 6 minutes. The 

supernatant was kept and spun again at 7000 g for 6 minutes. The pellets were 

resuspended carefully with isolation buffer and diluted to about 20 ml with the buffer and 

spun again at 7000 g for 6 minutes. The pellet was kept and resuspended carefully with a 

minimal volume (200-300 !l) of isolation buffer and protein concentration was defined 

using biuret method. 

 

V.4.4.2 Evaluation of toxicity effects of sVpr-derivatives related to CRC 

 

Isolated mitochondria were incubated at a protein concentration of 2 mg/ml in 2 ml of 

buffer (125 mM KCl, 1 mM Tris-phosphate, 10 mM Tris-MOPS, 20 !M EGTA, 5 mM 

glutamate, 2.5 mM malate) in the presence of 1 !M of CalciumGreen-5N fluorescent 

probe (Invitrogen). To the suspension of isolated mitochondria, free sVpr, C29 and C30 

were incubated for 10, 30 or 60 minutes under stirring with a concentration of sVpr 

peptide of 125 and 250 nM at 25°C. After incubation, subsequent additions of 10 !M of 

Ca2+ were mixed to mitochondria at intervals of 1 minute and the extramitochondrial 

Ca2+, complexed with the CalciumGreen, was detected by a Perkin-Elmer LS-50B 

fluorometer. 

 

 

 

 



CHAPTER V  Experimental Part!
!

! "#$!

V.4.4.3 Mitochondrial uptake studies performed by transmission electron 

microscopy 

 

Isolated mitochondria were exposed to sVpr peptide at a concentration of 0.125 nmol at 

25°C for 20 minutes. C29, C30 and C26 were also administered to isolated mitochondria 

at the same concentration. After incubation, mitochondria were precipitated (2 min at 

14000 rpm), washed in 0.1 M of cacodylate buffer (pH 7.4) and fixed in 1.5% 

glutaraldehyde cacodylate buffer 0.1 M (pH 7.4) at 4°C during 48 hours. After fixation, 

isolated mitochondria were precipitated (7000 g, 10 min at 4°C), washed with distilled 

water and included in 1% agarose solution. After cooling on ice, the agarose pellets 

containing isolated mitochondria were cut into small pieces and processed for TEM 

analysis as previously described. 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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APPENDIX:      SELECTED SPECTRA 
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Compound 7 
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Compound 12 
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Compound 15 
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Compound 25 
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Résumé 
 

Les nanotubes de carbone (CNTs) sont une nouvelle forme allotropique du carbone, décrits pour la 
première fois à l’échelle atomique en 1991 par Iijima. Dans ce travail de thèse, les MWCNTs portant 
des charges cationiques ont été fonctionnalisés, avec pour objectif d’étudier leur aptitude à 
complexer des acides nucléiques pour obtenir un système de délivrance génétique. Initialement, 
nous avons fonctionnalisé les MWCNTs avec des dendrons portant à leur extrémité des groupes 
ammonium ou guanidinium et leur aptitude à complexer des acides nucléiques a été évaluée par 
électrophorèse en gel d’agarose. En outre, nous avons fonctionnalisé et caractérisé les MWCNTs 
avec un peptide ciblant les mitochondries et leur habilité à se localiser à l’intérieur de ces dernières a 
été étudié par différentes techniques microscopiques. Ensuite, nous avons doublement 
fonctionnalisé les CNTs avec un dendron de deuxième génération et avec le peptide de ciblage. La 
capacité de ce conjugué à complexer l’ADN a finalement été confirmée par électrophorèse en gel 
d’agarose. 

 

Mots-clés : Nanotubes de carbone, délivrance génétique, dendrons, mitochondries 

 

 

Abstract 

 
Carbon nanotubes (CNTs) are a new allotropic form of carbon described at the atomic level in 1991 
by Iijima. During my thesis, carbon nanotubes bearing cationic moieties have been functionalized, in 
order to study their ability to complex the genetic material to obtain a gene delivery system. Initially 
we have functionalized MWCNTs with dendrons bearing at their termini ammonium or guanidinium 
groups. Their ability to complex the genetic material has been evaluated through agarose gel 
electrophoresis. 
Moreover, we have functionalized and characterized MWCNTs with a targeting peptide for 
mitochondria and their ability to localize inside this organelle was studied by different microscopic 
techniques. Then, we have double-functionalized MWCNTs with a dendron of second generation 
and with the targeting peptide and the ability of this conjugate to complex DNA was confirmed by 
agarose gel electrophoresis. 
 

Key words : Carbon nanotubes, gene delivery, dendrons, mitochondria 

 


