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Nanotechnology is claimed to revolutionize every aspect of our life. Among the 

large number of fields in which nanotechnology is involved; finding renewable clean 

energy, obtaining clean water for all, improving health and longevity and enhancing 

computing power are the most noteworthy. Carbon nanostructures are promising 

nanomaterials that can help to achieve these objectives. Fullerenes, graphene, nanohorns 

and nanotubes are including within these materials. All of them exhibit interesting 

properties and offer new opportunities for applications in material chemistry and 

medicine.  

Our research group has developed interesting methodologies for modifying these 

nanostructures in order to be used in the aforementioned applications. In this context, the 

objective of this thesis is the design of multifunctional systems based on carbon 

nanomaterials to be applied in sensors and in biological applications.  

Chapter 1 explains the structure, properties and applications of carbon nanohorns 

and carbon nanotubes, together with their applications. In addition, it provides an 

overview of the different methodologies to functionalize them.  

Molecular recognition plays an important role in numerous biological systems. In 

flavoproteins, the specific interaction between the flavin cofactor and the apoenzyme 

determines the reactivity of the entire protein. Therefore, the modulation of the 

environment of flavins can be used as a tool to set their behaviour and to understand the 

molecular processes in enzymes. With these aims, chapter 2 describes the synthesis of 

different carbon nanotubes-triazine derivatives to be used as multi-receptors of 

riboflavin . Firstly, different triazines are synthesized and characterized.  In a second 

step, both single-walled and multi-walled carbon nanotubes are functionalized with 

different 1,3,5-triazine and p-tolyl chains using radical addition under microwave 

irradiation and these derivatives are characterized by different techniques. The self-

assembly of these hybrids is analysed by transmission electron microscopy, observing 

how the 1,3,5-triazines derivatives form good dispersions in water and self-assemble in 

non-polar solvents due to the DAD-ADA hydrogen bonding recognition, while the p-

tolyl derivatives show better dispersability in organic solvents and aggregate in polar 

solvents. Finally, the ability of the functionalized multi-walled carbon nanotubes to 

recognize riboflavin is studied by fluorescence and UV spectroscopy, analysing the scope 
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of the different non-covalent interactions. It is shown that the functionalization of 

nanotubes by covalent approach decreases the ability of them to form π−π stacking and 

also that the hydrogen bond interactions play an important role in the recognition 

processes between the components. The influence of the different triazines in the 

complexes is also shown. Thus, the modulation of the molecular recognition of 

riboflavin  by the diverse nanotubes hybrids is demonstrated. Therefore, our study 

clarifies the understanding of non-covalent interactions in biological systems. In this 

way, artificial receptors in catalystic processes could be designed through a specific 

control of the interaction between functionalized carbon nanotubes and riboflavin. 

Additionally, the size and the excellent properties of carbon nanotubes will permit to use 

them as the building blocks in the design of sensors for single-molecule detection. 

In chapter 3, the modification of carbon nanohorns to be applied as new selective 

drugs in cancer therapy is shown. Firstly, the synthesis and characterization of different 

conjugates by the functionalization of carbon nanohorns with orthogonal chains is 

reported: Antibody-CNH , Drug-CNH , Antibody-Drug-CNH  and Double 

Functionalized-CNH. In particular, cisplatin in a prodrug form and a specific D2B 

antibody for PSMA+ prostate cancer cells are attached. In collaboration with the group of 

Professor Marco Colombatti, different biological experiments are reported.  The better 

ability of Antibody-Drug-CNH  to selectively kill PSMA+ cancer cells in comparison 

with the other synthesized CNHs hybrids is demonstrated. This new system offers great 

potentiality due to the possibility of modifying the type and degree of functionalization. 

This allows the variation of the quantity of drug or antibody attached to the nanostructure 

in order to play with the killing efficacy.  Similarly, the method is useful to attach 

different drugs or antibodies opening the way to the treatment of other diseases.  

Chapter 4 describes the application of different carbon nanostructures in gene 

delivery. Firstly, the functionalization of carbon nanohorns with amino moieties by 

different methodologies (1,3-dipolar cycloaddition and radical addition) under 

microwave irradiation and their characterization is shown. Then, the work developed at 

the Nanomedicine Lab (University of Manchester) under the supervision of Professor 

Kostas Kostarelos is reported. The efficacy of the functionalized carbon nanohorns to 

form complexes with siRNA is compared with the one of functionalized carbon 

nanotubes provides by Prof. Kostarelos’s group. In our experiments, carbon nanohorns 
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form complexes better than nanotubes. The nanohors complexes are characterized by 

different techniques and their capability to release siRNA is analysed. Although the 

carbon nanohorns functionalized by radical addition showed the strongest complexation 

of siRNA, the derivatives functionalized by 1,3-dipolar cycloaddition showed its easiest 

release. The results suggest that, in order to obtain the best candidate, a complete 

complexation of siRNA with the carrier should be avoided. However, the analysis of the 

cellular uptake should be evaluated in the future to assess the greatest candidate. These 

outcomes contribute to the understanding of the role of carbon nanohorns as gene 

delivery vectors. Nevertheless, additional derivatives should be tested for a fully 

comparison with carbon nanotubes.  
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La nanotecnologia è chiamata a rivoluzionare molti settori della nostra vita. Tra 

tutti i campi in cui è convolta, la ricerca delle energie rinnovabili, la possibilità di 

ottenere acqua pulita in tutte le parti del mondo, il miglioramento della salute e l’aumento 

dell’aspettativa di vita e lo sviluppo di sistemi informatici, sono gli obiettivi che si 

distinguono. Le nanostrutture di carbonio sono materiali promettenti che possono aiutare 

a raggiungere questi obiettivi: includono fullereni, grafene, nanotubi e nanhorns di 

carbonio. Tutti hanno proprietà interessanti e offrono nuovi vantaggi per le applicazioni 

in chimica dei materiali e nella medicina.  

Il nostro gruppo di ricerca ha sviluppato interessanti metodi per modificare queste 

nanostrutture per poterli applicare nei campi sopra menzionate. In questo contesto, lo 

scopo generale di questa tesi è il disegno di sistemi multifunzionali basati su 

nanostrutture di carbonio destinati  ai sensori e alle applicazioni biologiche. 

Nel capitolo 1, viene fatta una breve panoramica dei nanotubi e i nanohorns di 

carbonio, spiegando la loro struttura, le loro proprietà e le loro applicazioni. Inoltre, 

vengono descritte le diverse strategie per la loro funzionalizzazione. 

Il riconoscimento molecolare gioca un ruolo importante in molti sistemi biologici. 

In flavoproteine, l'interazione specifica tra il cofattore flavina e l’apoenzima determina la 

reattività della proteina. Di conseguenza, la modulazione dell'ambiente delle flavine può 

essere utilizzata come strumento per determinare il loro comportamento e anche per 

comprendere i processi molecolari negli enzimi. Con questi obiettivi in mente, nel 

capitolo 2 è descritta la sintesi di differenti derivati basati sul sistema nanotubi di 

carbonio-triazina per l’uso come ricevitori di riboflavina. In primo luogo, la sintesi e la 

caratterizzazione di diverse 1,3,5-triazine sono riportate. In una seconda fase, viene 

descritta la funzionalizzazione di nanotubi di carbonio a parete singola e a parete multipla 

con le differenti triazine e anche con catene di p-tolil, impiegando le radiazioni 

microonde. Dopo, si riporta la caratterizzazione completa di questi derivati con varie 

tecniche. L’auto-assemblaggio degli ibridi è stato analizzato con microscopia elettronica 

a trasmissione, osservando come i funzionalizzati con 1,3,5-triazine formano buone 

dispersioni in acqua, mentre loro si auto-assemblano in solventi non polari a causa del 

riconoscimento di legami d’idrogeno complementari. Tuttavia, derivati funzionalizzati 

con p-tolil formano migliori dispersioni in solventi organici ed invece si auto-assemblano 



Design of multifuncional systems based on carbon nanomaterials 

10 

in acqua. Viene poi studiata la capacità dei nanotubi di carbonio funzionalizzati a parete 

multipla di riconoscere la riboflavina con la spettroscopia di fluorescenza e ultravioletta 

visibile, analizzando la grandezza delle interazioni non-covalenti. Si vede come la 

funzionalizzazione covalente dei nanotubi di carbonio diminuisce la loro capacità di 

formare interazioni π−π, mentre le interazioni di legame d’idrogeno giocano un ruolo 

fondamentale nel processo di riconoscimento tra i membri del sistema. Inoltre, si è 

demostrata l’influenza dei tipi di triazine nel comportamento della riboflavina. In questo 

modo, è dimostrata la modulazione del riconoscimento molecolare della riboflavina 

attraverso i diversi nanotubi. Così, recettori artificiali in processi di catalisi possono 

essere specificamente disegnati per ottenere il controllo delle interazioni tra i nanotubi di 

carbonio funzionalizzati e la riboflavina, modificando il suo comportamento. Inoltre, le 

dimensioni e le eccellenti proprietà di nanotubi permettono di utilizzarli come strumento 

nella progettazione di sensori per la rivelazione di singole molecole. 

Nel capitolo 3 si riporta la modifica di nanohorn di carbonio per l'impiego come 

farmaci selettivi nella terapia del cancro è rapportata. Prima, si mostra la sintesi e la 

caratterizzazione di diversi ibridi di nanohorn: Antibody-CNH , Drug-CNH , Antibody-

Drug-CNH  e Double Functionlaized-CNH. In particolare vengono usati cisplatino, 

come profarmaco, ed un anticorpo specifico per le cellule che mostrano l’antigene PSMA 

(Prostate-specific membrane antigen). Di seguito, vengono presentati diversi esperimenti 

biologici sviluppati in collaborazione con il professor Marco Colombatti dell’Università 

degli Studi di Verona (Italia). L’ibrido Antibody-Drug-CNH possiede una migliore 

capacità di uccidere selettivamente le cellule che presentano l'antigene PSMA, rispetto ad 

altri derivati di nanohorns. Il nuovo sistema progettato offre un grande potenziale dato 

dalla possibilità di modificare il tipo e il grado di funzionalizzazione. Questo permette di 

variare la quantità di farmaco o di anticorpo nelle nanostrutture con lo scopo di 

migliorare l’efficienza dei nuovi derivati. Inoltre, questo metodo può incorporare altri 

farmaci o anticorpi al sistema, aprendo la porta al trattamento di altre malattie. 

Il capitolo 4 descrive l'applicazione di diverse nanostrutture di carbonio nella 

terapia genica. Prima, si mostra la funzionalizzazione di nanohorns di carbonio con 

gruppi amminici, impiegando diversi metodi che utilizzano le radiazioni a microonde 

(cicloaddizione 1,3-dipolare e addizione radicalica). In seguito, viene presentato il lavoro 
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svolto in "the Nanomedicine Lab" (Università di Manchester), sotto la supervisione del 

Prof. Kostas Kostarelos. L'efficacia dei nanohorns di carbonio funzionalizzati per 

formare complessi con siRNA è comparata con quella dei nanotubi di carbonio forniti dal 

gruppo del professor Kostarelos. Si è visto come i nanohorn di carbonio formino 

complessi con siRNA a differenza dei nanotubi. I complessi siRNA/nanohorn si 

caratterizzano utilizzando varie tecniche e viene analizzata la loro capacità di rilasciare il 

siRNA. Sebbene nanohorn di carbonio funzionalizzati con l’addizione radicalica 

mostrano una forte interazione con il materiale genetico, i derivati funzionalizzati con la 

cicloaddizione 1,3-dipolare lo rilasciano più facilmente. I risultati suggeriscono che, per 

conseguire il miglior carrier, la complessazione totale del siRNA con le nanostrutture 

dovrebbe essere evitato. Tuttavia, gli ibridi devono essere analizzati in vitro per garantire 

la migliore scelta. Questo studio contribuisce alla comprensione dell’uso di nanohorn di 

carbonio come vettori per terapia genica; ma, un maggior numero di derivati deve essere 

analizzato per un confronto completo con i nanotubi di carbonio. 
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La nanotecnología se presenta como una nueva ciencia que podrá revolucionar 

multiples aspectos de nuestras vidas.  Entre los numerosos campos en los que la 

nanotecnología está centrada, la búsqueda de energías renovables, la posibilidad de 

obtener agua limpia en cualquier parte del mundo, la mejora de la salud y la longevidad 

de las personas así como el avance de los sistemas informáticos, son los objetivos que 

más destacan. Las nanoestructuras de carbon son nanomateriales prometedores que 

pueden ayudar a lograr esas metas. Estos materiales incluyen fullerenos, grafeno, 

nanohorns y nanotubos de carbono, entre otros. Todos ellos presentan propiedades 

interesantes y ofrecen nuevas ventajas para aplicaciones en química de materiales y 

medicina.   

Nuestro grupo de investigación ha desarrollado metodologías interesantes para la 

modificación de esas nanoestructuras con el objeto de que puedan ser útiles en las 

aplicaciones citadas anteriormente. En ese contexto, el objetivo general de esta tesis es el 

diseño de sistemas multifuncionales basados en nanoestructuras de carbono para ser 

usados en sensores y en aplicaciones biológicas.   

En el capítulo 1 se detallan la estructura y las propiedades de los nanohorns y los 

nanotubos de carbono junto a sus aplicaciones. Además, se muestra un resumen de las 

diferentes metodologías usadas para su funcionalización.  

El reconocimiento molecular juega un papel importante en numerosos sistemas 

biológicos. En flavoproteinas, la interacción específica entre el cofactor flavina y la 

apoenzima determina la reactividad total de la proteina. De este modo, la modulación del 

entorno de la flavina puede usarse como herramienta para determinar su comportamiento 

y, además, para entender los procesos moleculares en las enzimas. Con esos objetivos en 

mente, en el capítulo 2 se describe la síntesis de diferentes derivados basados en el 

sistema nanotubo de carbono-triazina para usarlos como receptores múltiples de 

riboflavina . En primer lugar, se sintentizan y caracterizan distintas 1,3,5-triazinas. En un 

segundo paso, se funcionalizan nanotubos de carbono tanto de pared simple como de 

pared multiple con las diferentes triazinas así como con cadenas de p-tolilo usando 

radiación microondas, y esos derivados se caracterizan completamente mediante diversas 

técnicas. El autoensamblaje de los híbridos se analiza mediante microscopía de 

transmisión electrónica observando como los derivados de 1,3,5-triazinas forman buenas 
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dispersiones en agua y se autoensamblan en disolventes no polares debido al 

reconocimiento mediante enlaces de hidrógeno complementarios. Sin embargo, los 

derivados de p-tolilo forman mejores dispersiones en disolventes orgánicos y se agregan 

en agua. Finalmente, la habilidad de los nanotubos de carbono de pared múltiple 

funcionalizados para reconocer la riboflavina se estudia mediante fluorescencia y 

espectrocopía ultravioleta visible, analizando el alcance de las interacciones no 

covalentes. La funcionalización covalente de nanotubos de carbono disminuye su 

habilidad para formar interacciones π−π mientras que las interacciones mediante enlaces 

de hidrógeno juegan un papel fundamental en el proceso de reconocimiento entre los 

componentes del sistema. También se estudia la infuencia de las diferentes triazinas en el 

comportamiento de los complejos. De esta manera, se demuestra la modulación del 

reconocimiento de la riboflavina por medio de los diversos híbridos de nanotubos de 

carbono. Así, los receptores artificiales en procesos de catálisis pueden ser 

específicamente diseñados para lograr control de la interacción entre los nanotubos de 

carbono funcionalizados y la riboflavina, modificando así su comportamiento.  

En el capítulo 3 se describe la modificación de nanohorns de carbon para ser 

usados como fármacos selectivos en la terapia contra el cancer. En primer lugar se 

muestra la síntesis y caracterización de diferentes híbridos de nanohorns: Antibody-

CNH, Drug-CNH , Antibody-Drug-CNH  and Double Functionalized-CNH. En 

particular se usan cisplatino en forma de prodroga y un anticuerpo específico (D2B) para 

células de próstata que muestran el antígeno PSMA. Finalmente se presentan diferentes 

experimentos biológicos desarrollados en colaboración con el profesor Marco 

Colombatti, de la Universidad de Verona (Italia). Se demuestra la mejor habilidad del 

híbrido Antibody-Drug-CNH para matar selectivamente células que muestran el 

antígeno PSMA en comparación con los otros derivados de nanohorns. El nuevo sistema 

diseñado ofrece gran potencial debido la la posibilidad de modificar tanto el tipo como el 

grado de funcionalización. Esto permite variar la cantidad de fármaco o anticuerpo en la 

nanoestructura con el objetivo de conseguir una mejor eficacia del derivado. Además, 

con este método se pueden incorporar otros fármacos o anticuerpos al sistema, lo que 

abre la puerta al tratamiento de otras enfermedades.  

El capítulo 4 describe la aplicación de distintas nanoestructuras de carbono en 

terapia génica. Primero se muestra la funcionalización de nanohorns de carbono con 
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grupos amino mediante diferentes metodologías usando radiación microondas 

(cicloadición 1,3-dipolar y adición radicálica). Después, se presenta el trabajo 

desarrollado en “the Nanomedicine Lab” (Universidad de Manchester) bajo la 

supervision del profesor Kostas Kostarelos. Se compara la eficacia de los nanohorns de 

carbono funcionalizados para formar complejos con siRNA con la de una serie de 

nanotubos de carbono aportados por el grupo del profesor Kostarelos. En nuestros 

experimentos, los nanohorns de carbon forman complejos mejor que los nanotubos. Los 

complejos siRNA/nanohorns se caracterizan mediante diversas técnicas y se analiza su 

capacidad de liberar el siRNA. Aunque los nanohorns de carbono funcionalizados 

mediante adición radicálica muestran una interacción más fuerte con el material genético, 

los derivados funcionalizados mediante cicloadición 1,3-dipolar lo liberan de manera más 

fácil. Los resultados sugieren que la complejación total entre el siRNA y la 

nanoestructura debe ser evitada para lograr más fácilmente el posterior desplazamiento 

de este dentro de la célula. Sin embargo, para garantizar la elección del híbrido más 

eficaz, los complejos deben ser analizados in vitro. Por tanto, este estudio contribuye al 

entendimiento de los nanohorns de carbono como vectores en terapia génica. No 

obstante, un mayor número de derivados deben ser analizados para lograr una 

comparación completa con los nanotubos de carbono.   
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1. Introduction 

Nanotechnology deals with structures sized between 1 and 100 nanometers in, at 

least, one dimension and it involves developing materials or devices possessing at least 

one dimension within that size. In the human world, a gigantic world, thinking about 

what is a nanometer is almost impossible. Nanometers refer to the billionth of a meter. 

Can you imagine what the eighty-thousandth part of a human hair is? Probably, you 

cannot. Because of this, the field of nanotechnology is relatively new. Although things of 

nanometric sizes has existed since many years,1,2 only at the time that people got the 

proper tools to see them, they appeared in the Land of the Giants. Fortunately for all of 

us, since the discovery of the scanning tunneling microscope by Binning and Rohrer 

(Nobel Prizes in Physics, 1986), nanotechnology has experienced a huge growth and, 

nowadays, it is claimed to revolutionise every aspect of our life. As a matter of fact, 

scientists all over the world are working with the possibilities that this new weapon 

offers, that have meant the birth of numerous sub-disciplines as nanomedicine, 

nanoelectronic, nanobiotechnology or nanochemistry. Among the large number of fields 

in which they are involved; finding renewable clean energy, obtaining clean water for all, 

improving health and longevity and enhancing computing power are the most 

noteworthy.  

The freshness generated by nanomaterials has its origin in the unusual properties 

that they exhibit in comparison with a macroscopic level, making possible unique 

applications. For example, gold nanoparticles have tunable optical properties depending 

on their size, platinum, an inert material, can be used as catalyst in its nanometric form. 

There are plenty of nanomaterials and every one of them has peerless properties.  

Carbon nanomaterials have a noticeable standing among all the nanomaterials 

owing to the combination of dimension, structure and topology that translates into 

exceptional electrical, thermal, chemical and mechanical properties. Carbon 

nanostructures were born with the leap of fullerenes, a family of clusters of carbon 

discovered by Kroto et al.3 in 1985 (Nobel Prizes in Chemistry, 1996). However, these 

molecules were not initially described as nanomaterials. The detection of multi-walled 

carbon nanotubes by Iijima et al.4 in 1991 is considered the trigger of the nanoscience 

relating to carbon. Thereupon, diverse carbon nanostructures have emerged.  
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Firstly isolated by Geim and Novoselov (Nobel Prizes in Physics, 1986) in 2004,5 

graphene is considered the mother of all graphitic forms.6 It is a two dimensional 

material consisting of a single atomic layer of sp2-bonded carbon atoms in a chicken wire 

pattern.  

 

Figure 1.1. Mother of all graphitic forms.7 

Carbon nanotubes can be described as a sheet of graphene rolled around itself, 

with their ends capped with fullerene-like geometry. It can be classified in single-walled 

carbon nanotubes or multi-walled carbon nanotubes according to the number of sheets of 

which they are composed. Carbon nanohorns were discovered by Iijima in 1999.8 They 

are made of a single tube of rolled graphene, similar to single-walled carbon nanotubes, 

with a closed horn-shaped tip. They normally self-assemble in spherical aggregates 

which can be dahlias, buds and seeds. Other carbon nanostructures such as nanocones,9 

nanoonions,10 nanodiamonds,11 or carbon quantum dots (CQDs)12 have also 

appeared. Their properties seem to be as promising as the ones of their previously cited 

counterparts, but, until now, they are relatively unusual.   
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Taking into account the different applications in which our work has been aimed, 

all the experiments reported in this thesis have been carried out with carbon nanohorns 

and carbon nanotubes.   

2. Carbon nanotubes 

Carbon nanotubes are a tube-like structure of graphene sheets, which implies that 

they are formed by atoms of carbon with sp2 hybridation organized in a honeycomb 

pattern.  The tube has a diameter between 0.7 and 1.4 nanometers and a length of several 

micrometers and ends in a spherical tip, similar to the half of a fullerene. In its pristine 

form, they normally make up aggregates, known as bundles, by Vand der Waals 

interactions. According to the orientation of the six-membered rings of the graphene 

sheet relative to the axis of single-walled carbon nanotubes, they can be classified in 

zigzag (m,0), chiral (m,n) and armchair (n,n) (figure 1.2) They are characterized by their 

diameter and their chiral angle.  

 

Figure 1.2. SWNT helicity map and examples of (n,m) chiral vectors that give rise to armchair, zig–zag 

and chiral nanotube structures.13 

In multi-walled carbon nanotubes there are various sheets of graphene rolled in 

multi-layers, like concentric tubes. The separation between the different layers is near to 

the separation of sheets in graphite (0.335 nm); and depending on the number of 

concentric layers the diameter ranges between 2 and 100 nanometers (figure 1.3).  
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Figure 1.3. Schematic image of SWCNTs (a) and MWCNTs (b). 

2.1. Properties 

As it has been mentioned above, the superior properties of carbon nanotubes derive 

from the combination of their dimension, structure and topology. With all the carbon 

atoms bonded by sp2-bonds, they have excellent optical,14 mechanical,15 electrical16,17 

and thermal properties 18 which render them of great interest for a range of potential 

applications in many fields.19 

2.1.1.  Mechanical properties 

The carbon atoms of a single sheet of graphite form a planar honeycomb lattice, in 

which each atom is connected via a strong sp2-bond to three neighbouring atoms. Related 

to the sp2 bond strength, the basal plane elastic modulus of graphite is one of the largest 

of any known material, with a value of ~1060 GPa. The same effect occurs in carbon 

nanotubes, but their cylindrical graphitic structures have many unique mechanical 

properties,20–23 including a high Young’s modulus and a low specific weight. The 

Young’s modulus of nanotubes has been determined to be higher than 1 TPa by 

theoretical calculation24 and experimental measurement,20 which is nearly the same as 

diamond. These properties render carbon nanotubes suitable candidates for reinforcing 

composites and applications like sensors of pressure and strain.25 
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2.1.2.  Electronic properties 

Single-walled carbon nanotubes have different electronic properties depending on 

the chirality and diameter. If we consider the n and m indexes used to classify them, 

single-walled carbon nanotubes are considered metallic if the value n-m is divisible by 

three yielding an integer. Otherwise, the nanotube is semiconducting.13 Figure 1.4 below 

shows the DOS for both a metallic and a semiconducting carbon nanotube where vn 

represents the valence bands and cn, the conduction bands for the first electronic 

transition; EF represents the Fermi Level and M11, S11, S22 and S3, the different 

transitions that the electrons can experience.  

 

Figure 1.4: Schematic diagram of electronic density of states for metallic and semiconducting SWNTs.13  

Vand der Walls interactions between layers play an important role in the electronic 

properties of multi-walled carbon nanotubes. The interwall coupling may create 

pseudogaps near the Fermi level that depends on the mutual orientation of the constituent 

tubes. With a suitable orientation, the system can yield in certain superconductivity, 

absent in single walled carbon nantotubes.26 Figure 1.5 illustrates this fact.  
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Figure 1.5. Band structure of aligned nanotube pairs, along the tube axis. (a) Near degenerate bands with 

no gap characterize the (5,5)@(10,10) double-wall nanotube without intertube interaction. (b) Intertube 

interaction opens a gap in a pair of (individually metallic) (10,10) Nanotubes. (c) In presence of intertube 

interaction, depending on the mutual tube orientation, the (5,5)@(10,10) system may show zero gap in the 

most symmetric, stable configuration at ϕin = 0°, or (d) four pseudogaps in a less symmetric and stable 

configuration at ϕin = 3°. The Fermi level is shown by the dashed line. ϕin represents the rotational 

displacement of the inner with respect to the outer tube.27 

According to the manufacturers, Nanocyl™ NC7000 multi-walled carbon 

nanotubes, the ones used in this thesis, are the most electrically conductive nanotubes 

available today, due to their production using exclusive catalysts.28  

In addition, the electrical conductivity of nanotubes can be altered by modifying 

the parent structure of the nanotube surface. For example, substitutional doping can be 

done to the lattice of MWCNT. The addition of boron and nitrogen in these structures has 

been shown to create metallic features in the electronic density of states.29 SWCNT ropes 

have been also doped with alkali and halogen dopants that act as intercalates that go into 

the interstices between the tubes in ropes, and the charge transfer between the tubes and 
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the dopants increases an order of magnitude the electrical conductivity. The doped 

nanotubes may be considered as a new generation of unique synthetic metals.30 

In addition, the electronic transport in carbon nanotubes is known to be 

ballistic,31,32 this is, the electrons do not suffer scattering and have negligible electrical 

resistivity. Thereby, they can improve electron-transfer processes being attractive to the 

design of sensors33 and to the building of photovoltaic applications.34 

2.1.3.   Optical properties 

The optical properties of carbon nanotubes arise from the electronic transitions 

from the valence to the conduction band and they involve their absorption, their 

fluorescence and their Raman scattering.  

 Three regions can be differentiated in the typical absorption spectrum of SWCNTs 

bundles according to the electronic transitions: the first (SE11) and second (SE22) allowed 

transitions for semiconductor SWCNTs, and the first (ME11) allowed transition for 

metallic SWCNTs (figure 1.6.a).  When isolated, for example with surfactant, the 

SWCNTs spectrum shows better resolved bands known as Van Hove singularities and 

associated with the different electronic jumps (figure 1.6.b).35 The analysis of their 

absorption spectra is a useful tool to observe their covalent functionalization since the 

rehybridation of the sp2-carbon to sp3 carbon atoms in the functionalized nanotubes does 

not permit any more the π-electron transitions and the van Hove singularities in the 

spectra disappear.36 In MWCNTs only a π-plasmon around 250 nm (similar to the one in 

SWCNTs) highlights in the absorption spectrum.37 However, there are not many studies 

where their optical properties are analysed.  
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Figure 1.6. Typical spectra of SWCNTs: a) three regions in bundles and b) van Hove singularities in 

individualized nanotubes.  

The fluorescence process is due to the relaxation of previously excited electrons 

toward lower energy levels while emitting light. Thus, walking hand in hand with the 

absorption spectrum, the fluorescence spectrum of carbon nanotubes depends of the 

different electronic transitions that can occur in its structure. The energy of the states 

changes according to the chirality of the tubes in semiconducting carbon nanotubes. This 

fact makes that every kind of nanotubes, named with the indexes n and m, shows 

different fluorescence. Bachilo et al. firstly assigned the fluorescence of semiconducting 

SWCNTs by a two-dimensional spectrum (figure 1.7) where the more intense signals 

denoted nanotubes with specific chirality.38 
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Figure 1.7. Contour plot of fluorescence intensity versus excitation and emission wavelengths for a sample 

of SWNTs suspended in SDS and deuterium oxide.38 

In metallic SWCNTs and MWCNTs, tracking a path through the conduction band 

by the photoexcited electrons is easier than coming back to the lower energy levels. This 

is a non-radiative pathway and, subsequently, they do not show fluorescence.  

When light interacts with materials, part of it is transmitted, part of it is reflected 

and part of it is scattered. From the scattered light, over 1 % has different frequency from 

the incident beam, this is the RAMAN scattering. The difference between the incident 

and the inelastically scattered frequencies is reflected in the RAMAN spectrum and 

depends on the electronic structure of the material to analyse. Carbon nanotubes with 

bandgaps with equal energy to the exciting laser energy suffer a RAMAN resonant 

process that depends on the chirality and diameter of the tube. The resonance, jointly 

with the high number of electronic levels, provokes an increase in the intensity of the 

signal that permits even the study of isolated carbon nanotubes. 39 

The RAMAN spectrum of SWCNTs shows principally three interesting zones 

(figure 1.8). Firstly, the RBM (radial breathing mode) appears about 100-500 cm-1. These 

signals are characteristic of SWCNTs and their frequencies are inversely proportional to 

the diameter of the tubes. The modification of this bands indicates changes in the 

electronic structure of the tubes. The G-band is due to the sp2-carbon atoms and appears 

around 1570 cm-1.  Then, about 1300 cm-1, the D-band appears (disorder induced).  This 
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band is attributed to the presence of sp3-carbon atoms in the tubes. Accordingly, 

information about the conversion of sp2 into sp3-carbon by functionalization can be 

observed by the modification of the D-band. In general, the successful of the 

functionalization is indicated by the increase of the relation between the D and G bands 

with respect to that of the pristine material.  

 

Figure 1.8. RAMAN spectrum of pristinte SWCNTs. 

Noticeable differences can be observed in the spectra of MWCNTs. Firstly, the 

RBM signals are normally absent as they are too weak for large diameter tubes. 

Secondly, the D-band is normally more intense. This is due to the fact that the higher the 

number of layers, the higher the number of defects. Consequently, a high number of 

functional groups have to be attached during functionalization to observe appreciable 

modifications in the D-band of MWCNTs. 

2.1.4.   Thermal conductivity 

High thermal conductivity, comparable with the one of the diamond, has been 

predicted in carbon nanotubes.40 This property makes them ideal candidates to be used as 

filler in composites increasing their conductivity. For example, Biercuk et al.41 obtained 

composites of epoxy loaded with 1 wt% unpurified SWCNTs with a thermal conductivity 

125 % higher than the one of the expoxy alone and three times higher than the one of 

epoxy composites with vapour grown carbon.  
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2.1.5. Large superficial area 

Nanotubes show a large superficial area. This property is interesting for both, the 

possibility of easily modifying of the walls with different molecules and the application 

in gas storage due to their interior holes. 

2.2.     Applications 

Numerous applications have emerged because of the interesting properties of 

carbon nanotubes. In the next paragraphs, some of them are illustrated with several 

examples.  

2.2.1.      Electronic applications 

Due to the metallic or semiconductor character of the carbon nanotubes, they are 

interesting in the fabrication of electronic instruments.  

Interconnectors: Carbon nanotubes are presented like an interesting option in this 

field. Their strength permits the conduction of heat and electricity without suffering 

damages.  

Tans et al.42 measured the transport of electrons at room temperature in a unique 

semiconductor single-walled-carbon nanotube connected to two metallic electrodes, 

corroborating the strength of these nanostructures in the transport of high amount of 

electric current and their potential applications in computer devices.  

Transistors: Carbon nanotubes can be used in the manufacture of transistors in a 

nanometric scale. Postma et al.43 developed a SET transistor (Single-Electron 

Tunnelling) with metallic single-walled-carbon nanotubes.  
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Figure 1.9. Example of a carbon-nanotube based transistor. 44 

2.2.2.      Biomedical applications 

The ability of functionalized CNTs to penetrate into the cells offers the potential of 

using these tubes as vehicles for the delivery of small drug molecules.45 In this way, 

organic functionalization has opened new horizons in the study of the biological 

properties of CNTs. First, the biocompatibility of functionalized carbon nanotubes has 

been ascertained. Because pristine CNTs are highly toxic, mainly due to their 

insolubility, it was of fundamental importance to verify the solubility of functionalized 

CNTs in physiological media. Secondly, properly functionalized CNTs seem to have a 

high propensity to cross cell membranes. In addition, CNTs can be charged with 

biologically active moieties, which can be delivered to the cell cytoplasm or nucleus. The 

chemistry of CNT offers the possibility of introducing more than one function on the 

same tube, so that targeting molecules, contrast agents, drugs, or reporter molecules can 

be used at the same time.46 Taking advantages of these possibilities, they have been 

strongly studied to be target against cancer,47 even as theranostic agents48 by combining 

different molecules, and in neurology49. Additionally, CNTs have been used in imaging 

by incorporating markers substances and photothermal treatments.50 The use of CNTs as 

gene delivery vectors will be widely explained in chapter 4.   
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Figure 1.10. Schematic functionalization of carbon nanotubes and entrance to the cells.51  

2.2.3.      Gas storage 

Carbon nanotubes have higher surface than graphite due to their closed and empty 

structure. This fact permits a greater interaction between the gas molecules and the 

carbon nanotubes, making it interesting for applications in gas storage, like hydrogen52 or 

argon.53 

2.2.4.      Sensor 

Sensors are devices that detect or measure physical and/or chemical magnitudes 

such as temperature, pressure, sound, and concentration. The measures are converted into 

easier to read signals. The main requirements of a good sensor are high sensitivity, fast 

response, low cost, high volume production, and high reliability. Sensors continue to 

make significant impact in everyday life with applications ranging from biomedical to 

automotive industry. This has led to intensive research activities across the world in 

developing new sensing materials and technologies. With the advent of nanotechnology, 

research is underway to create miniaturized sensors. Miniaturized sensors can lead to 

reduced weight, lower power consumption, and low cost. The discovery of carbon 

nanotubes (CNTs) has generated great interest among researchers to develop CNT-based 

sensors for many applications. Therefore, several manuscripts have been published 

utilizing CNTs as the sensing material in pressure, flow, thermal, gas, optical, mass, 

position, stress, strain, chemical, and biological sensors.54 
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Figure 1.11. Scheme of nanotube-based sensor.55 

3.      Carbon nanohorns 

As mentioned above, carbon nanohorns are made of a single tube of rolled 

graphene, similar to single-walled carbon nanotubes, with a closed horn-shaped tip which 

has an internal angle of ca. 20º. This angle implies the existence of five pentagons of 

carbon atoms in the tip. The tubes have a diameter between 2 and 5 nm and a length 

about 30-50 nm. They normally self-assemble in spherical aggregates which can be 

dahlias, buds and seeds. These structures are really interesting as they are synthesized in 

absence of metal catalyst in high quantities and purity. In addition, they normally have 

uniform sizes around 100 nm, which is really attractive for some applications. They were 

named “dahlias” because their resemblance with dahlia flowers, but their comparison 

with sea urchin is also accepted in other forums.  
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Figure 1.12. (a) Three-dimensional structure of  CNHs dahlia aggregates (b) Detailed tip of CNHs. (c) 

Primary tube of CNH. (d) Dahlia flower. (e) Sea Urchin.   

 3.1.      Properties 

 Although similar properties to carbon nanotubes would be expected, their conical 

tip and their organisation in aggregates endow CNHs with different attributes.  

3.1.1.      Electronic properties 

The electronic properties of carbon nanohorns have been studied by theoretical 

calculations. Although the density of electronic states changes with the stance taken by 

the pentagons in the tip, a net electron transfer near pentagons was found. 56  Their 

semiconducting behaviour was compared for pristine and oxidized carbon nanohorns 

observing how it changes from n-type to p-type semiconductors with the oxidation. 

Presumably, this is due to the destruction of the pentagons in the tips, supporting the 

previous studies about the influence of the pentagons in the electronic properties. 
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Moreover, different modifications in the electrical conductivity can be observed when 

gases are absorbed on the nanohorns.57  

3.1.2.      Optical properties 

The optical properties of carbon nanohorns can be summarized as the absorption of 

light, the fluorescence and the Raman scattering.  

The UV–Vis spectrum shows a shoulder around 270 nm corresponding to the π−π* 

transition58 but it can be clarified by solubilizing the sample in water with Triton®-X100 

as surfactant showing two maxima at 227 and 276 nm (figure 1.13).59  

 

Figure 1.13. Adapted imagine of the UV-Vis spectrum of the pristine CNHs in water with Triton®-X100 

as surfactant.59  

Finding bibliography about the fluorescence of pristine carbon nanohorns results an 

arduous task, either, it has not been widely study or it is so slight that it does not deserve 

great attention. Recently, their fluorescence has been reported at around 530 nm when 

exciting at 280 nm, showing an excited state life time of 4762.38 ns, a higher value than 

the one of oxidized CNHs. 60  

The RAMAN spectrum of pure pristine carbon nanohorns shows only the D and G 

bands, with almost the equal scattering strengths due to the high quantity of defects in 

carbon nanohorns, both in the tips and in the interior of the aggregates. The observation 

of a small band around 1510 cm-1 can be used to set the purity of the material as it 

indicates the presence of amorphous carbon.61 But, as it occurs with MWCNTs, 
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observing increases in the D-band after functionalization is difficult. In fact, drops in the 

intensity of the band can be observed in functionalized derivatives regarding the pristine 

material due to the loss of amorphous carbon after the reactions.59  

3.1.3.      Magnetic properties 

The magnetic properties of the materials are closely linked to their electronic 

structure. The analysis of carbon nanohorns by electron spin resonance has revealed two 

different electronic systems that are decoupled. The first one is due to the graphene 

sheets and the cones and the second one is attributed to the non-ordered interior of the 

CNHs. They show different magnetic behaviour, an spin susceptibility that linearly varies 

with temperature and certain antiferromagnetism, respectively.62 This results were further 

corroborated by carbon-13 nuclear magnetic resonance.63 In addition, the existence of at 

least one unpaired electron spin in the tips of CNHs was demonstrated by Bandow et al. 

by electron spin resonance and static magnetic susceptibility measurements. They also 

showed that CNHs possess small diamagnetism, comparable with the one of fullerenes 

and not with the one expected for sp2-carbon atoms networks.64    

3.1.4.      Homogeneous size 

The synthesis of carbon nanohorns is carried out by different methodologies: the 

laser ablation of carbon with different lasers 65–67 and the arc discharge ignited between 

carbon rods.61 Apart from the chosen technique, other factors affect the final structure of 

the aggregates, such as, the kind of atmosphere and the pressure of the gas or the kind of 

laser used in the synthesis. Likely, a great control of the final building can be obtained by 

controlling the variables; this yields homogeneous and pure samples, with diameters that 

can vary between 50 and 100 nm. The size is suitable to cross the cellular membrane by 

endocytosis making this property really remarkable in biological application.     

3.1.5.      Porosity 

Carbon nanohors show porosity, either ineffective (closed) and effective (open)  

porosity due to the inner space of the tubes and the interstitial space between tubes, 

respectively.68 In addition, numerous efforts have been carried out with the aim of taking 

advantages of the closed porosity.69–71This characteristic is really useful for the 
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incorporation and release of little molecules as drugs. In 2004, the incorporation of 

fullerenes into the holes of CNHs was firstly demonstrated72 (figure 1.14) paving the way 

for new incorporations.73  

 

Figure 1.14. Adapted figure of the HRTEM images of the incorporation of fullerenes into the holes of 

CNHs. (a-d) Detailed holes in the tips of CNHs, indicated by arrows. (e-h) Fullerenes incorporated inside 

CNHs. 72 

 3.1.6.      Absence of metal particles 

This property is noteworthy when comparing carbon nanohorns with single walled 

carbon nanotubes, which need metal catalysts to be synthesised. Taking into account that 

they are applied in similar fields (see next section), the absence of metal particles in 

CNHs is advantageous. In biological applications, because the possible toxicity of the 

material is reduced, and when using them as support for catalysts and other technological 

applications, considering that the own metal of nanotubes could influence the systems 

negatively. 

 3.2.     Applications 

There are multiples applications of carbon nanohorns. As well as in the case of 

carbon nanotubes, they have arisen from its special structure and properties. Some of the 

technological and biomedical applications are summarized in the following paragraphs.  

3.2.1.      Technological applications 

The technological applications of CNHs go from their use as support for catalysts 

to their incorporation in biosensors or photoelectrochemical cells. The most important 
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feature of CNHs to be used for these purposes is the total absence of metal particles, in 

such a way the systems can shrink away from unexpected or unwanted results.   

The majority of catalysts that have been incorporated onto CNHs were in the form 

of nanoparticles. Pd and Pt nanoparticles were integrated into carbon nanohorns by the 

reduction of palladium acetate and chloroplatinic acid and the aid of sodium dodecyl 

sulphate as stabiliser by Tagmartachis et al. Then, the nanoparticles-CNHs hybrids were 

used as catalysts towards the formation of C-C couplings in Heck, Suzuki and Stille 

reactions (figure 1.15).74 Other Pt-Nanoparticles-CNHs hybrids have been used as 

catalyst in fuel cells. For example, the use of CNHs and carbon black as catalysts 

supports in electrodes of polymer electrolyte fuel cells has been compared observing a 

higher density of fuel cell in the case of CNHs based cell.75 Most recently, Direct 

Methanol Fuel Cells have been also built with them. In different studies, a better 

electrocatalytic activity for methanol oxidation with CNHs hybrids than the one obtained 

with CNTs as support76 and a high power density for a cell operating at 40 °C were 

obtained.77  

 

Figure 1.15. (a) Z-contrast image of nanoPd-CNHs hybrid material (b) EDX map of palladium (green) and 

(c) Z-contrast image of nanoPt-CNHs hybrid material (d) EDX map of platinum (green).74 



Design of multifunctional systems based on carbon nanomaterials 

 

40 
 

Carbon nanohorns have been used in sensors as they can provide superior 

conductivity for electron transfer due to their electronic properties. They have been used 

to directly build an electrode by making a paste for the amperometric determination of 

hydrogen peroxide (H2O2). The electrode showed good linearity for concentrations of 

hydrogen peroxide up to 100 mM in contrast with other built electrodes, named as 

graphite paste electrode, multi-walled carbon nanotube paste electrode, and glassy carbon 

electrode; which only showed linearity at concentrations lower than 45 mM.78 In 

addition, CNHs have been used to modify other existing electrodes, citing as an example 

the modification of a glassy carbon electrode for the simultaneous determination of uric 

acid, dopamine, and ascorbic acid. The new electrode showed excellent selectivity and 

high sensitivity, even allowing the determination of the analytes in urine samples with 

satisfactory results.79 From another viewpoint, electron transfer between redox enzymes 

and electrode surfaces has been improved by using CNHs in the systems. In a first 

attempt, glucose oxidase was encapsulated in a nafion-CNHs matrix, getting a sensor for 

glucose with high sensitivity, low detection limit, and good selectivity.80 Afterwards, a 

different enzyme was immobilized on CNHs, soybean peroxidase, to detect hydrogen 

peroxide. Just like in the previous case, the H2O2 sensor showed high sensitivity and low 

detection limit. 81 Numerous studies continue emerging in this field, even including 

antibodies in the system. This is the case of the impedimetric immunosensor based on 

carbon nanohorns built by Yang et al. (figure 1.16), which was successfully used as 

sensor for alpha-fetoprotein (AFP), a protein which is considered to be a tumour marker 

in adults.82  
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Figure 1.16. Schematic diagrams for the preparation of SWCNHs–bienzyme–Ab2 bioconjugates (A) and 

the stepwise process of modified electrode (B) needed for the detection of AFP.82 

In spite of their excellent properties, the use of carbon nanohorns in 

photoelectrochemical cells has not been deeply developed. Years ago, once the 

incorporation of porphyrins on carbon nanohorns was successfully reported,83,84 several 

groups decided to use this combination in the building of new solar cells devices due to 

the existing electronic transfer between the two species after the capture of light. The first 

electrophoretic deposition of covalently porphyrin-modified carbon nanohorns onto SnO2 

electrodes on the top of an optically transparent electrode showed an incident photon-to-

photocurrent (IPCE) of 5.8 %, higher than the one of the single components (nanohorns 

or porphyrins) on the same electrodes.85 After that, a non-covalently modified hybrid was 

used with the same purpose getting an IPCE of  9 % 86 and, more recently, the use of 

carbon nanohorn−porphyrin dimers succeeded in enhancing the IPCE up to 9.6 %.87 In 

addition,  we have recently obtained an IPCE of around 6 % with naked oxidized and 

pristine carbon nanohorns onto TiO2 electrodes, enhancing the use of TiO2 and standing 

out among other nanostructures.88  
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Figure 1.17. Schematic illustrations of a Photoelectrochemical Solar Cell of OTE/SnO2/ CNH-(H2P)2 

(carbon nanohorn−porphyrin dimer) 
85

 

The porosity of CNHs also makes them excellent candidates for gas storage. Until 

now, hydrogen89,90  and methane91 have been the most studied gases because its small 

size. Although pristine material is able to adsorb the small molecules, its storage capacity 

have been shown to be improved by metals92,93 or thermal oxidation94 in the case of 

hydrogen or by acid treatment in the case of methane.95  

There are studies about the use of carbon nanohorns in other applications, such as 

in the building of supercapacitor electrodes96 or solar thermal collectors, 97 but these uses 

have not been so highly explored.  

3.2.2.      Biomedical applications 

CNHs are used as alternative to CNTs in biomedical applications because they are 

metal free, have homogeneous size and possess high surface area and porosity, 

interesting properties for the inclusion of drugs and other active biomolecules. 

Furthermore, although the performance of additional experiments would shed further 

light on the topic, they have shown to have low acute toxicities.98  In this context, 

nanohorns are being studied to be useful in photohyperthermic therapy, diagnosis by 

Nuclear Magnetic Resonance Imaging and in drug/biomolecules delivery, and, as well as 
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CNTs, they can be used in theranostic applications, jointly using therapeutic and 

diagnosis agents.  

Photohyperthermia therapy is based on the use of light to increase the temperature 

of the body by a photothermal agent, in order to kill or damage diseased cells. Carbon 

nanohorns have been successfully used as agents in this treatment due to their relatively 

strong NIR absorption.99 In addition, they  have been functionalized with a zinc 

phtalocyanine for double photodynamic and hyperthermic cancer phototherapy, getting 

more effective reduction of the size of tumours than using the individual techniques.100  

They have been used in Nuclear Magnetic Resonance Imaging by means of the 

incorporation of contrast agents101 or magnetic nanoparticles.102 In fact, the incorporation 

of Gd2O3 permitted the in vivo ultrastructural localization of CNHs in mice.  

Different biomolecules have been incorporated into carbon nanohorns acting as 

carriers in order to get or enhance their penetration in cells. For examples, vancomycin is 

an antibiotic that can cause severe side effects if it is at high concentration in blood, but it 

has poor ability to go throw tissues. Researches have reported the controlled release of 

vancomycin using CNHs as carriers, avoiding the use of excessive amounts of the 

glycopeptide.103 Another example is the adsorption in CNHs of prednisolone, an anti-

inflammatory glucocorticoid drug. The use of the hybrids in the joints of rats held the 

progression of the arthritis up and an anti-inflammatory effect was also observed. 104 As 

you have been able to see throughout this introduction, nanotechnology is also struggling 

against cancer. Together with nanotubes, carbon nanohorns can be functionalized with 

anticancer drugs,105 or specific genes106 in order to reduce or kill malignant cells.  

Considering that, one of the objectives of the present thesis is the use of carbon 

nanohorns as carriers in cancer treatment, this topic will be more extensively detailed in 

chapter 3.  Accordingly, their use in gene delivery will be discussed in chapter 4.  
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4.      Functionalization 

Details about the modification of the different nanostructures have not been shown 

in the previous parts of the introduction, not because of its unimportance, but because the 

functionalization deserves a separate section.  The improving of the solubility and 

handling of carbon nanostructures after their functionalization is well known by all 

people working in this subject. Into the bargain, the enlarged variety of terminal 

functional groups getting by functionalization makes it possible the introduction of 

almost whichever imaginable molecule, clearing the way to future applications.    

If we look back over the last 25 years, much effort has been made in the field of 

functionalization of carbon nanostructures. In general, the functionalization of carbon 

nanohorns has walked hand in hand with the one of nanotubes since the first studies, so 

they will be broached together. As it is usually done, the different techniques of 

modifying both nanomaterials will be classified in non-covalent, endohedral, covalent 

sidewall and defect functionalization. 

4.1.      Covalent sidewall functionalization 

The covalent functionalization of carbon nanotubes involves the use of highly 

reactive species due to their high stability. The sidewalls of  nanotubes are comparable to 

a graphite sheet, but in the tips, they show a fullerene-like structure. The hemispheric 

zone shows higher reactivity due to curvature that provokes the pyramidalization and 

misalignment of p-orbitals. Likewise, the existing defects in the the tubes (pentagon-

heptagon pairs, vacancies…) also cause tensions in the sp2-carbon network which help 

the reactivity along.  The effect of the conical tips is more pronunced in CNHs and 

subsequently they react in an easier way. Some of the different strategies to covalently 

functionalize nanotubes are listed below.  



Introduction 

45 
 

 

Figure 1.18. Adapting of an schematic example of some covalent sidewall functionalization of carbon 

nanotubes.107 

4.1.1.      Halogenation 

The first halogenation of carbon nanotubes was reported with fluoro.108 The 

introduction of the C-F bonds in the sidewall of the tubes notably enhanced their 

reactivity as it was later demonstrated by achieving alkylation reactions.109,110 

Afterwards, the fluorination of CNHs was demostrated.111 Moreover, they way in which 

fluorination affects the adsorption of N2 was evaluated in this last study, observing less 

capacity for fluorinated nanohorns than for pristine nanohorns due to the narrowing of 

the porous. Years later, the iodification of nanotubes was also accomplished112 by means 

of a modification of the Hunsdiecker reaction. 

4.1.2.      Addition of Carbenes 

The modification of carbon nanotubes by means of the addition of carbenes was 

fully described in 2003.110 It was a reversible reaction, but the electronic charactheristic 

of the tubes could not be recovered after the functionalization. After that, the reaction 

with different diarylcarbenes was also described.113 Unfortunately, the synthesis took 

more than thirteen days to be completed. This time of reaction is inconceivable 
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nowadays, when, as it will be shown later, the modification of carbon nanotubes can be 

carried out in less than one our.  

4.1.3.      Addition of nitrenes 

The functionalization of CNTs by nitrenes was communicated, together with the 

addition of nucleophilic carbenes and radicals by the group of Hirsch, using nitrenes 

resulting from azides.(Holzinger et al. 2001) A couple of years later, the reaction was 

fully described and its versatility was demonstrated by incorporating different modified 

nitrenes with alkyl chains, aromatic groups, dendrimers, crown ethers, and oligoethylene 

glycol units.114 Thereafter, the microwave irradiation was used to activate the reaction, 

mainly acelerating the nitrene formation before the addition, decreasin the whole reaction 

time.(Leinonen et al. 2010) This methodology was also used for the incorporation of 

nitrenes on carbon nanohorns.115 Most recently, the reaction have been achieved by our 

group by using mechanical activation. Under nitrogen atmosphere, pristine SWNTs were 

ball-milled in the presence of methyl 2-azidoacetate at 500 rpm for 30 min yielding 

functionalized nanotubes (figure 1.19). Interestingly, this procedure cuts the nanotubes at 

the same time, providing short functionazed nanotubes in a single step.116 

 

Figure 1.19. Functionalization and cutting of single walled carbon nanotubes using ball milling treatment.  

4.1.4.      Diels-Alder cycloadditions 

 The first Diels–Alder cycloaddition of o-quinodimethane to SWCNTs was 

reported by Langa and it was carried out under microwave irradiation.117 Afterthat, other 

groups have used benzocyclobutenes 118 and furan and maleimide compounds119 to 

modify MWCNTs by classical heating.  
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4.1.5.      Electrophilic additions 

Friedel-Crafts acylation of MWCNTs was achieved with various 4-substituted 

benzoic acids in polyphosphoric acid/phosphorous pentoxide at 130ºC for 72 h.120 More 

recently, the alkylation of Friedel-Crafts has been used to get poly(vinyl chloride)-grafted 

multi-walled carbon nanotubes with a high percentage of grafting.121 

4.1.6.      Nucleophilic additions 

Coleman was the first to add a nucleophile reactive to carbon nanotubes through a 

Bingel reaction.122 The complete synthesis (showed in figure 1.20) permitted the 

incorporation of chemical marker for atomic force microscopy (Au) and 19F-NMR and 

XPS spectroscopy (perfluoro groups) achieving a more exhaustive characterization of the 

hybrids. In a similar fashion, CNHs were also functionalized by the Bingel reaction.123 In 

this case, the functionalization was in solvent-free conditions and under microwave 

irradiation.  

 

Figure 1.20. Functionalization of CNTs with DBU, posterior Bingel reaction and introduction of chemical 

markers.122 
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Within the same concept, the addition of organolithium and magnesium 

compounds followed by reoxidation  of SWCNTs was developed by Hirsch et al.  getting 

alkylated nanotubes. Moreover, they observed a preferred functionalization of metallic 

and small-diameter single-walled carbon nanotubes.124  

4.1.7.      Free-radical additions 

The formation of free-radicals by different processes (heating, oxidation, 

electrolysis, reduction…) generates reactive species that can attack the walls of carbon 

nanotubes. Among other reactions, we have recently reported an atom-economical 

approach to functionalized carbon nanotubes using disulphides,  including cystamine-

core polyamidoamine dendrimers (figure 1.21).125 This reaction has been shown to 

follow a radical mechanism.  

 

Figure 1.21. Chemical functionalization of SWCNTs through the addition of disulfides.125 

Another frecuently used reaction that occurs via radicals is the arylation of 

nanotubes by in situ electrochemical reduction of aryl diazonium salts. It was firstly 

descrived by Tour et al..126 Later on, the same group improved the methodology using an 
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environmentally friendly process. The same functionalization of the tubes was obtained 

by heating the nanotubes in the presence of a substituted aniline and isoamyl nitrite 

(figure 1.22). 127  As in previous reactions, this methodology was extrapolated to carbon 

nanohorns.128  

 

Figure 1.22. Functionalization of carbon nanotubes via direct arylation.127  

4.1.8.      1,3-dipolar cycloaddition 

The cyclo-addition of azomethine ylides, generated in situ by thermal condensation 

of aldehydes and α-amino acids, on carbon nanotubes was firstly developed by Prato and 

coworkers (figure 1.23).129 This chemistry has been widely extended since then due to 

the great ammount of possibilities that offers. In addition, the use of N-protected 

aminoacids yields soluble functionalized carbon nanotubes that, after deprotection, have 

amino groups disposed to further transformations. In fact, this procedure  is extensively 

used to incorporate biomolecules useful in nanomedicine.130 In a similar way, this 

reaction was described for carbon nanohorns.59,131  On the other hand, the broad 

experience of our group in the use of microwaves for the activation of chemical 

reactions, and in green chemistry in general, was used to optimize this reaction on both, 

nanotubes132  and nanohorns.133 The most important features of the new procedure were 

the decrease of the reaction times, from 5 days to one hour, and the absence of solvents. 
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Figure 1.23. Functionalization of carbon nanotubes via 1,3-dipolar cycloaddition.129 

4.1.9.      Double functionalization 

During the optimization of the aforementioned reacion our group developed the 

double functionalization of carbon nanotubes.132 Firstly, the 1,3-dipolar cycloaddition of 

azomethine ylides was carried out in absence of solvent and under microwave irradiation. 

Subsequently, a radical addition of an aniline in the presence of an oxidant agent was 

accomplished, also under microwave irradiation. The same aproach was later used to 

introduce two orthogonally protected amino groups in the tubes.134 The possibility of 

selectively deprotecting the groups make the double functionalized nanotubes very 

versatile in materials science and biological applications.  

Similarly, the methodolgy was used to get the multifunctionalization of carbon 

nanohorns (figure 1.24).133 The introduction of orthogonally protected amino groups play 

an important role in the subsequent modification of the nanostructures as different groups 

could be immovilized on the same sample in a controllable way.  This approach will be 

used in section 2.  
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Figure 1.24. Double functionalization of carbon nanohorns.133  

4.2.      Defect functionalization 

The defects that appear in nanotubes are five- or seven-membered rings in the C-

sp2 network, sp3-hybridized defects (with –H or –OH) and –COOH groups in the walls 

and in the open end of the tubes, but other such as –NO2 are possible. Normally, when 

speaking about defect functionalization of CNTs, it mainly refers to the functionalization 

of the -COOH groups. In general, a previous increment of the amount of available acid 

groups in the tubes is carried out in order to have more union points. The most 

widespread methodology to get this is the oxidation with a mix of sulphuric and nitric 

acids under sonication135 or heating treatments.136 However, the electronic properties of 

the tubes are really damaged during these oxidation processes. In our group, a new 

technique to introduce acid groups in the tubes without drastically damaging their 

properties was achieved by using ball-milling treatments.116  The process also allows the 

controllable cutting of the nanotubes and a simultaneous functionalization with nitrenes. 

The improvement of the solubility and handle of the tubes is achieved with all these 

methodologies 

Once we have oxidized nanotubes, different amidation or esterification reactions 

can be carried out on the acidic groups.107 These reactions are relatively easy to carry out 

and in consequence they have been used in many occasion for the combination of 
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different interesting materials with nanotubes (figure 1.25), this is the case, for example, 

of the covalently bonded DNA (hybrid 8 in figure 1.25).137   

 

Figure 1.25. Covalent functionalization of SWCNTs following amidation and esterification reactions of 

carboxylic acid groups.107  

The oxidation of carbon nanohorns not only introduces –COOH groups but also 

opens their tips. The new oxygenated groups permit the introduction of new 

functionalities,138 as in the case of nanotubes; and, as it was mentioned above, the holes 

allow the introduction of small molecules.73  
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4.3.      Non- Covalent functionalization 

The non-covalent functionalization of carbon nanotubes emphasizes the fact that it 

is a non-destructive methodology. It normally implies hydrophobic or Van der Walls 

interactions, π−π stacking and electrostatic interactions. In this way, polymers139 and 

surfactants140 have been wrapped in nanotubes using several or at least one of these 

interactions, getting noticeable improved solubility of the derivatives. On its behalf, the 

π−π stacking has been mainly used to incorporate molecules with polycyclic aromatic 

rings.141 Both methodologies result interesting for the application of nanostructures in 

electronics as the intrinsic properties of the tube are not modified during the 

functionalization. This is the case, for example, of the incorporation of porphyrins 

through a pyrene derivative142 in nanotubes to be used in solar cells or the attachment of 

CsSe nanoparticles through pyrene143 to be incorporated into organic photovoltaic 

devices since charge transfer was observed (figure 1.26).  In addition, the use of this 

approach for biological application is also highly useful for the immobilization of 

biomolecules such as proteins.144   

   

Figure 1.26. Schematic representation of the noncovalent functionalization of SWNT with pyrene/CdSe 

nanoparticles and a SWCNT /field-effect transistor device with a coating of the pyrene/CdSe nanoparticles 

on top of SWCNT. 145 
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As it can be noticed, researchers are making the most of the possibilities that 

polycyclic aromatic molecules offer, and, of course, it implies the modification of carbon 

nanohorns. In the same way as in CNTs, the non-covalent functionalization of CNHs 

maintains their electronic properties and, subsequently, the methodology has been used to 

functionalized CNHs to be used in electronics.146,147 

4.3.      Endohedral functionalization 

The inner cavity of nanotube endow them with the capacity of trapping 

molecules.148 In fact, a great wide variety of molecules, from fullerenes (figure 1.27) to 

drugs have been encapsulated in nanotubes.149 Moreover, as it has been mentioned 

throughout this introduction section, the possibility of opening holes in CNHs also 

enables the use of this this methodology for their functionalization.  

 

Figure 1.27. Structural diagram of C60@SWCNTs. 
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1. Introduction 

Considered as one of the father of supramolecular chemistry, Jean-Marie Lehn 

(Nobel Prize in Chemistry, 1987) said that a person would not exist if his molecules 

could not be recognized between them; what is more, there would be no life on Earth 

without molecular recognition. Molecular Recognition is responsible for the high 

specificity of biochemistry systems such as the antigen-antibody (figure 2.1) or enzyme-

substrate systems1 and can be described as the specific interaction between two 

molecules by different non covalent interactions. Therefore, the majority of the biological 

functions depend on these accurate interactions.  

 

Figure 2.1. Scheme of antibody-antigen molecular recognition system. 

Supramolecular chemistry tries to synthesize specific receptors for biological 

substrates in order to understand these interaction processes and in this way be able to 

design and synthesize new artificial enzymes. Artificial enzymes are considered an 

interesting alternative in the design of sensors and new catalysts as they can be 

previously designable towards a target analyte, for which their natural analogues can be 

expensive or non-existent.2  
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Flavoproteins are redox enzymes related to metabolic processes, electron transfer 

and regulation of neurotransmitters.3 The flavin cofactor of the protein is the active site in 

the catalytic processes and its redox behaviour depends on the covalent and non-covalent 

interactions with the apoenzyme. The flavin nuclei show a hydrophobic part and a 

hydrophilic pyrimidine ring able to form hydrogen bonds (figure 2.2).  The molecular 

recognition of these systems by different receptors is really interesting for their 

applications in the development of chemical models for enzymatic process.4 In addition, 

the modulation of the environment of flavins through different interactions can be used as 

a tool to set their selectivity towards a specific analyte5 and to understand the behaviour 

of enzymes.  

 

Figure 2.2. Different parts of a flavin nucleus. 

Historically, the most studied flavin has been the riboflavin due to its chemical and 

biological versatility.6 However, covalent attachment of flavin to enzymes is known to 

selectively enhance a reaction pathway and suppress unwanted side reactions,7 thus, 

different covalent modifications have been done in the central nucleus of flavins in order 

to study their versatility in the design of sensors. For example, the fluorescence and 

electrochemical properties of flavin derivatives have been modified by the covalent 

attachment of a C60 fullerene to the flavin nucleus (figure 2.3.a).8 Similarly, the covalent 

modification of flavins with naphthalenediimide (NDI) units (figure 2.3.b) provoked 

changed in their fluorescence  response.9  
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Figure 2.3. Covalently modified flavins with a) C60 fullerene and b) Naphthalenediimide (NDI). 

Furthermore, several receptors base on 2,4-diaminotriazine nucleus, 2-monoamido 

pyridine nucleus and 2,6-diamidopyridine, among other, have been developed to observe 

the molecular recognition of flavins by non-covalent approaches.4 The 1,3,5-triazine 

nuclei are really attractive in supramolecular chemistry because of the possibility of 

forming multiple non-covalent interactions by coordinate bonds,10 electrostatic 

interactions,11 hydrogen bonds,12 and π−π stacking.13,14 From another point of view, the 

interest in 1,3,5-triazine nuclei and derivatives has considerably increased in the last 

years due to the plethora of applications that they show in different fields such as 

medicinal chemistry,15 polymers,16 herbicide applications17 or catalysis.18  In addition, 

these systems can be easily modified.  

Within triazines, the 2,4-diamine-1,3,5-triazines are useful because they have a 

correct matrix D (H-donor) – A (acceptor) to form hydrogen bonds with flavins. The 

hydrogen bonds between flavins and triazines can be both, donating through the oxygen 

atoms or acceptor via the N* atom (see figure 2.2). Moreover, the different substituents 

in the aromatic ring of 2,4-diamine-1,3,5-triazines can affect the strength of hydrogen 

bonds.  These effects were studied by Rotello and co-workers using nuclear magnetic 

resonance.19 Thus, electron-withdrawing groups remove electron density from the 

triazine ring, leaving the nitrogen of the amines with a partial positive charge. This 

makes strong donating hydrogen bonds, assisting the molecular recognition. On the 

contrary, electron-releasing groups increase the electron density of the triazine groups, 
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decreasing the strength of the donating hydrogen bonds and, subsequently, inhibiting the 

molecular recognition. The studied complex in this work is shown in figure 2.4.   
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H H

 

Figure 2.4. Receptor 1 - flavin 3 complex studied by Rotello and co-workers. X1 and X2 represent different 

electron-withdrawing and electron-releasing groups.19 

The different amino triazines 1 (a-h) were synthesized from the corresponding 

nitriles via reaction with dicyandiamide and potassium hydroxide during 24 hours at 140 

ºC.  Then, the posterior acylation with isobutyryl chloride provided receptors 1a-h (figure 

2.5).  
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Figure 2.5. Scheme of the synthesis of triazines 1a-h used by Rotello and co-workers.19   

Other substituents in the triazine rings (figure 2.6) have also demonstrated to 

favour molecular recognition, as long as they have suitable length, orientation and 

polarity.20,21 

     

Figure 2.6. Different complexes in which flavin has hydrogen bonding interactions through the triazine 

rings together with other interactions with the substituents of the triazine.20,21 
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From another point of view, it is known that three dimensional patterns, as silicate 

matrices, effectively replicate both the isolation and preorganization found in the active 

sites of flavoenzymes.22,23Accordingly, the setting-up of three-dimensional structures can 

make a difference in the recognition processes of flavins (figure 2.7)24 and can be used to 

build biomimetic binding pockets in attempts to replicate natural flavoenzymes.25 Apart 

from the imitation of flavoenzymes, the flavin-receptor complex could also be used in the 

design of sensors and new catalysts.4  

   

Figure 2.7. Alkyne-functionalized flavin 1, control N-methylated flavin 2, flavin polymer 3 exhibit 

specific three-point hydrogen bonding interactions with complementary dendrons, control polymer 4, and a 

schematic representation of encapsulation of flavin polymer used by Subramani et al. in attemps to 

replicate both the isolation and preorganization found in the active sites of flavoenzymes.24 
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Our research group has broad experience in triazine synthesis and their 

modifications. In this way, the synthesis of 2,4-diamine-1,3,5-triazines-6-substituted has 

been improved by reaction of alkyl-, aryl- and hetero-nitriles with dicyandiamide in 

presence of base and DMSO under microwave irradiation during 10 or 15 minutes  

(figure 2.8). This method was extremely faster than the previously described by Rotello 

and co-corkers, and it was considered as a simple, careful with the environment and 

profitable procedure.26  

 

Figure 2.8. Scheme of the synthesis of triazines a-j under microwave irradiation developed in our research 

group. R = a) phenyl, b) p-methoxyphenyl, c) p-nitrophenyl, d) p-chlorophenyl, e) 2-(pyrazol-1-yl)phenyl, 

f) 3-(pyrazol-1-yl)phenyl, g) 1-phenylpyrazol-3-yl, h) 4-pyridyl, i) 1-piperidino and j) morpholino.26 

Some triazine derivatives obtained by this above mentioned methodology were 

further used in the building of coordination polymers by the self-assembly of silver salts 

AgX (X = BF4,PF6,CF3SO3) with the triazines.10 The architecture of the built polymers 

was found to be R and anion dependent, leading to different dimensional networks 

(figure 2.9).  
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Figure 2.9. Structural diagram of different trizazine-AgX complexes. a) Complex [Ag(Phdat)BF4]  and b) 

[Ag2-(Phdat)2(CF3SO3)2]. In b, two triflate groups act as bridges in the structure.10 

The microwave irradiation was also used to modify the triazine rings by reaction 

with isocyanate obtaining a wide range of 1,3,5-triazinyl mono- and bisureas (figure 

2.10) in the shortest reaction times reported so far.27 The reaction is finished in 30- 60 

minutes (depending on the isocyanate) while previously reported reactions take place in 

72 hours.28    
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Figure 2.10. Synthesis of 1,3,5-triazinyl mono- and bisureas under microwave irradiation. R = a) phenyl, 

b) p-chlorophenyl, c) p-methoxyphenyl, d) morpholino, e) 1-piperidino, f) 2-(pyrazol-1-yl)phenyl, g) 1-

phenylpyrazol-3-yl, h) 4-(pyrazol-1-yl)phenyl and i) 3-(pyrazol-1-yl)phenyl. 
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Additionally, trisubstituted triazines have been synthesized by reaction of different 

amines with cyanuric chloride in solvent-free conditions under microwave irradiation 

during 10 minutes.29 Lately, this synthesis was employed to build σ-π-σ-A-σ-D systems 

for monotriazines and D-σ-A-σ-π-σ-A-σ-D systems for bistriazines with different 

substituents and π-conjugated spacers achieving compounds with interesting properties 

for use in optoelectronic devices, especially as blue emitters (figure 2.11).30  

 

Figura 2.11: σ-π-σ-A-σ-D systems for monotriazines and D-σ-A-σ-π-σ-A-σ-D systems for bistriazines 

with interesting properties for use in optoelectronic devices. 30 

As it was mentioned in the chapter 1, carbon nanotubes (CNTs) have been applied 

in different fields such as electronic,31 biomedicine32  or sensor’s building33 due to their 

whole range of properties.34 Moreover, they show a large surface area which can be 

easily modified in different ways.35 In addition, the electrochemical reactivity of some 

molecules as well as some electron-transfer processes are known to be improved by 

carbon nanotubes, making them attractive for the design of biosensors.36 In fact, different 

enzymes have been immobilised onto carbon nanotubes which acted as molecular wires 

between electrodes and the redox sites of the enzymes. One of these systems is illustrate 

in figure 2.12. In this example, Willner and co-workers linked nanotubes to an electrode 

surface and subsequently functionalized nanotubes with glucose oxidase.37 They found 

transport of electrons along distances greater than 150 nm.  
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Figure 2.12. Assembly of the SWCNT electrically contacted glucose ox- idase electrode. 

The methodology of modifying electrodes with nanotubes has long been used with 

promising results.38 In some cases, the response of carbon nanotube modified electrodes 

was found to be 10-fold greater than the one of intact electrodes.39 There are numerous 

studies on this topic, ranging from improved detection of drugs40 until the detection of 

antioxidants.41 

From another point of view, the covalent functionalization is a helpful tool to 

immobilize different useful molecules to build organized supramolecular structures.42,43 

This methodology have been used in our group in order to fabricate self-assembled multi-

walled carbon nanotubes membranes free of stabilizing agents, polymers, or surfactants 

(figure 2.13 a and b).44 The self-organization of nanotubes was achieved by their 

functionalization with complementary nucleoside bases as supramolecular moieties (N-

MWCNTs, N = Thymidine, T; Adenosine, A; Cytidine, C or Guanosine, G) and their 

posterior non-covalent interactions (figure 2.13 c). After the building of the organized 

membranes, the removal of the organic material allowed the improvement of their 

electrical properties.  
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Figure 2.13. a) Image of freestanding A/T-MWCNTs membrane, b) SEM mi- crograph of A/T-MWCNTs 

membrane and c) Representation of N-MWCNTs (N=Adenosine (A), Guanidine (G), Cytosine (C) and 

Thymidine (T)) and the recognition processes between complementary base pairs, A/T-MWCNTs and 

C/G-MWCNTs.44 

The nucleoside functionalized carbon nanotubes have been also demonstrated to 

interact with independent ligands. In this way, the molecular recognition of a 

multidentate ligand, a ZnII-cyclen complex, by the thymidine-functionalized multiwalled 

c 
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carbon nanotubes (figure 2.14) has been observed by the combination of different 

analytical techniques, such as UV/Vis absorption and fluorescence spectroscopy, among 

other.45    

 

Figure 2.14. Structural representation of one multipoint molecular [ZnII-cyclen·Td-MWCNTs] complex.45  

Similarly, the interaction of thymidine-functionalized multi-walled carbon 

nanotubes with a polymeric matrix through triple complementary ADA-DAD hydrogen 

bonding interaction (figure 2.15) allowed the building of monolayer patterns which can 

be useful for the engineering of CNT-based electronic devices or biomaterials.46  

 

Figure 2.15. Chemical structure of the supramolecular polymer-MWCNT hybrid complex used to build 

monolayer patterns.46  

It might be noted here that hydrogen bonds are the principal interaction in the 

majority of the aforementioned recognition models. This kind of non-covalent interaction 

is advantageous as it is a directional, reliable and predictable attractive force that allows a 

substantial control of the organization processes.  
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Until now, the incorporation of triazines onto carbon nanotubes has been hardly 

tackled. As far as we know, there are only a couple of studies about this topic, in which 

the reaction of amino-funcionalized carbon nanotubes with cyanuric chloride yielded 

triazine-functionalized nanotubes. In the work of Ke, the role of the triazines was to act 

as a bridge between the nanotubes and cellulose acetate in order to obtain new hybrids 

with promising sorption properties (figure 2.16).47 For their part, Chen and co-workers 

achieved carbon nanotubes grafted with hyperbranched triazines with improved solubility 

(figure 2.17).48   

 

Figure 2.16. Functionalization of MWCNTs with cellulose acetate. 47 
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Figure 2.17. Synthesis of carbon nanotubes grafted with hyperbranched triazines.48 
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2. Aim of the work 

In this section we report the synthesis of triazine-carbon nanotube derivatives as 

receptors of riboflavin with the aim of modifying its behaviour. Both single-walled 

carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) will be 

functionalized following a radical arylation via microwave irradiation. Different 

functional groups will be immobilized, 1,3,5-triazine chains, capable to form hydrogen 

bonds,  and p-tolyl chains without this possibility. The characterization of the derivatives 

will be achieved using different techniques such as thermogravimetric analysis (TGA), 

RAMAN spectroscopy, UV-vis-NIR spectroscopy, transmission electron microscopy 

(TEM) and X-ray photoelectron spectroscopy (XPS). As a further step in understanding 

the molecular recognition processes, the triazine-functionalized multi-walled carbon 

nanotubes will be applied as synthetic hydrogen bonds receptors and their interactions 

with riboflavin will be analysed using different techniques. The possibility of modifying 

the flavins and the triazine substituents in our system could pave the way for the design 

of new flavin-based molecular devises as chemical models for flavoenzymes where 

recognition and function could be directly correlated. 

 

Figure 2.18. Different possible system modifications. 
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3. Results and Discussion. 

3.1. Synthesis and characterization of triazines.  

Taking into account the aforementioned broad experience of our group in obtaining 

6-substituted-1,3,5-triazines and in the functionalization of carbon nanostrucutres under 

microwave irradiation, we proposed a radical addition of anilines to nanotubes under 

microwave irradiation as a quick and simple method to obtain triazine-functionalized 

nanotubes. 6-aminophenyl-1,3,5-triazines would be used. 

From another point of view, as it has been mentioned above, the modification of 

the substituents in the triazines as well as their relative position can modulate the flavins 

recognition processes.  

In this way, we carried out the synthesis of different triazines, all of them with the 

necessary amino groups to form hydrogen bonds with riboflavin and an aniline group for 

the attachment to the nanotubes.  Accordingly, 6-(4-aminophenyl)-2,4-diamine-1,3,5-

triazine  (1), 6-(3-aminophenyl)-2,4-diamine-1,3,5-triazine (2), 6-(2-aminophenyl)-2,4-

diamine-1,3,5-triazine (3) and (2-octylamino-4-amino-6-(4-aminophenyl)-1,3,5-triazine 

(4) were synthesized (figure 2.17). Additionally, 6-(p-tolyl)-2,4-diamine-1,3,5-triazine 

(5) was synthesized in order to be used as a blank for the optimization of the carbon 

nanotubes functionalization.  

 

Figure 2.19. Scheme of the triazines to be synthetized. 

Firsly, the 6-(4-aminophenyl)-2,4-diamine-1,3,5-triazine (1) was generated by 

reduction of the previously described 6-(4-nitrophenyl)-2,4-diamine-1,3,5-triazine (6) 

(figure 2.18).26 This reaction was tuned from a previously described reduction.49 After a 
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simple filtration through celite®, the triazine (1) was obtained in 95 % yield and 

characterized using nuclear magnetic resonance.  

 

Figure 2.20. Synthesis of 6-(4-aminophenyl)-2,4-diamine-1,3,5-triazine  (2). 

The direct formation of the triazine starting from the corresponding nitrile was 

chosen in order to get the rest of triazines.50 Accordingly, the 6-(3-aminophenyl)-2,4-

diamine-1,3,5-triazine (2) was obtained by reaction of 3-aminobenzonitrile (7) with 

cyanoguanidine  (8) in DMSO under microwave irradiation (figure 2.19). The method 

was similar to the one used previously in our group,26 but with optimized reaction 

conditions. The crude was irradiated at 70 W and 130 ºC for 15 minutes. 1,3,5-triazine 

can be obtaining as sub-product of this reaction. Fortunately, the poorest solubility of 

triazine 2 in water made it possible its isolation by precipitating and filtrating in 78 % 

yield. Its characterization was carried out using nuclear magnetic resonance.  
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Figure 2.21. Synthesis of 6-(3-aminophenyl)-2,4-diamine-1,3,5-triazine (2). 

Using 2-aminobenzonitrile (9) as starting material, the same conditions of the 

previous reaction were used to get the 6-(m-aminophenyl)-2,4-diamine-1,3,5-triazine (3) 

(figure 2.20).   
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Figure 2.22. Synthesis of 6-(3-aminophenyl)-2,4-diamine-1,3,5-triazine (3). 

In this case, after the precipitation, a further purification step was needed as the 

compound 10 appears as a sub-product due to the auto-condensation of the the 2-

aminobenzonitrile 9 (figure 2.21). The isolation of triazine 3 from the precipitated crude 

was achieved using column chromatography obtaining a yield of 92 %. It was 

characterized using nuclear magnetic resonance. 

 

Figure 2.23. Autocondensation of 2-aminobenzonitrile (9). 

Finally, we dealt with the synthesis of the (2-octylamino-4-amino-6-(4-

aminophenyl)-1,3,5-triazine (4) using the same approach. The first step was the 

preparation of a substituted-guanidine: the 3-octyl-1-cianoguanidine (11).  To get this, 

the fluoroborate salt (12), achieved by mixing tetrafluoroboric acid with n-octyl amine 

(13), was heated together with sodium dicyanamide (14) in isopropanol for 48 h (figure 

2.22).  After precipitating with water, the white solid was isolated by filtration in 70 % 

yield. It was characterized using nuclear magnetic resonance. 



Design of multifuncional systmes based on carbon nanomaterials 

92 

 

N
CC

Na

NN

+ NH3
BF4

NH2

HBF4.Et2O

i-PrOH

N

H

N

N
H

C

H

N

14 12 11

13

Figure 2.24. Synthesis of 3-octyl-1-cianoguanidine (11). 

In a subsequent reaction, 3-octyl-1-cianoguanidine (11) and 4-aminobenzonitrile 

(12) were mixed in DMSO and, after the addition of base they were irradiated at 70 W 

and 135 ºC for 45 minutes.  After precipitating with cold water (4 ºC), the (2-octylamino-

4-amino-6-(4-aminophenyl)-1,3,5-triazine (4) was isolated by filtration in 45 % yield and 

characterized using nuclear magnetic resonance. 

 

Figure 2.25. Synthesis of (2-octylamino-4-amino-6-(4-aminophenyl)-1,3,5-triazine (4). 

In the last stage, 6-(p-tolyl)-2,4-diamine-1,3,5-triazine (5) was synthesized from p-

tolunitrile (13) and using the same procedure as in its previously described analogues 

(Figure 2.24).  It was isolated by precipitating with hot water in 93 % yield and 

characterized using nuclear magnetic resonance. 
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Figure 2.26. Synthesis of 6-(p-tolyl)-2,4-diamine-1,3,5-triazine (5). 

 

3.2. Synthesis and characterization of carbon nanotube derivatives 

In this section the functionalization of carbon nanotubes will be described. In a first 

attempt HiPco® single walled carbon nanotubes were functionalized with the different 

triazines. Additionally, the behaviour of triazine-functionalized carbon nanotubes will be 

compared to the behaviour of nanotubes without the possibility of forming hydrogen 

bonds. For that reason, the addition of p-toluidine to SWCNTs was carried out by the 

same procedure. This reaction has been previously described.51  

In figure 2.25, the addition of p-toluidine (14) to pristine SWCNTs by using a 

radical arylation under microwave irradiation is shown. This reaction had already been 

used in our group over previously functionalized nanotubes with excellent results.51  

Figure 2.27. Synthesis of SWCNTs-1. 

The characterization of SWCNTs-1 was realized using different characterization 

techniques. The first one, TGA analysis, shows changes in the weight of the samples as 

the temperature increases. Figure 2.25 shows the TGA analysis of the sample and p-

SWCNTs.  An increase of the weight loss regarding the starting material can be 

observed. Moreover, the weight loss at 600 ºC can be used to quantify the number of 
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functional groups attached to the carbon nanotube. SWCNTs-1 showed 15.7 % of weight 

loss at 600 ºC, corresponding to 1724 µmol of functional group per gram of carbon 

nanotube. This corresponds to 1 functional group per 41 nanotube carbon atoms.  
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Figure 2.28. TGA analysis of SWCNTs-1 versus p-SWCNTs. 

RAMAN spectroscopy gives information about the covalent functionalization of 

carbon nanotubes. The increase in the D band at 1314 cm-1 can be related to the 

introduction of sp3 defects on the sp2 network of the nanotube.52 Figure 2.27 shows the 

RAMAN spectra of pristine and SWCNTs-1 derivative. SWCNTs-1 exhibits a more 

intense D-band than p-SWCNTs according to an increase in the degree of 

functionalization. These results are in agreement with the TGA analysis.  
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Figure 2.29. Normalized Raman spectra of p-SWCNTs and SWCNTs-1 using a laser source at 633 nm. 

SWCNTs-1 derivative was also analysed by UV-Vis spectroscopy, which serves as 

an excellent monitor for sidewall perturbation of nanotubes. The van Hove singularities 

of pristine nanotubes disappeared due to the rehybridation of the sp2 carbons to sp3 in the 

functionalized carbon nanotubes.53 In figure 2.28, a decrease in the intensity of the van 

Hove bands from p-SWCNTs to SWCNTs-1 can be observed, according to the 

increment in the number of sp3 carbon atoms after functionalization.   
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Figure 2.30. UV-vis-NIR absorption spectra of p-SWCNTs and SWCNTs-1 and in solutions of sodium 

dodecyl sulfate (2%) normalized to the local minimum at 930 nm. 

Afterwards, the incorporation of triazines to SWCNTs was addressed. The 

optimization of the reaction was made with 6-(4-aminophenyl)-2,4-diamine-1,3,5-

triazine (1). Accordingly, triazine (1) was added to the pristine SWCNTs by using the 

radical arylation under microwave irradiation54  yielding the hybrid SWCNTs-2 (figure 

2.29).  

 

Figure 2.31. Synthesis of SWCNTs-2. 

This hybrid was also characterized using TGA, Raman and UV-Vis spectroscopy. 

The TGA analysis (figure 2.30) showed an increase of the weight loss in comparison 

with the pristine material. The weight loss at 600 ºC was 14.5 %, corresponding to 781 

µmol of functional group per gram of carbon nanotube. Therefore, the degree of 

functionalization is 1 functional group per 91 nanotube carbon atoms. 
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Figure 2.32. Thermogravimetric analysis of p-SWCNTs and SWCNTs-2. 

The Raman spectroscopy showed an increase of the D-band as we introduced sp3 

carbon atoms with the introduction of the triazines (figure 2.31).  
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Figure 2.33. Normalized Raman spectra of p-SWCNTs and SWCNTs-2 using a laser source at 633 

nm. 
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In addition, less marked van-Hove singularities can be observed in the UV-Vis-

NIR spectrum of SWCNTs-2 comparison with the pristine material (figure 2.32). 
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Figure 2.34. UV-vis-NIR absorption spectra of p-SWCNTs and SWCNTs-2 and in solutions of sodium 

dodecyl sulfate (2%) normalized to the local minimum at 930 nm.  

Both derivatives were also analysed by X-ray photoelectron spectroscopy (XPS). 

This is a semi-quantitative technique which provides information about the elemental 

composition of the sample as well as about the existent type of bonds.55 While the 

SWCNTs-1 derivative did not show nitrogen atoms in its composition, the hybrid 

SWCNTs-2 exhibited 2.7 % of nitrogen confirming the functionalization. The peak of 

N1s was deconvoluted in two peaks at 398.3 and 400.1 eV (figure 2.35). They were 

assigned to the photoelectrons emitted by the N=C and N-C bonds presented in the 

triazine rings, respectively.56
 Furthermore, the percentage of nitrogen agrees with the one 

obtained for the functional group by TGA.  
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Figure 2.35. N 1s spectrum of SWCNTs-2. 

All the results indicated that, under the same reaction conditions, a greater quantity 

of p-toluidine groups were inserted in SWCNTs-1 nanotubes in comparison with the 

introduced triazines in SWCNTs-2. The higher degree of functionalization can be 

attributed to the small size of the p-tolyl chain regarding to the higher steric hindrance of 

the triazine51,53 and to the different electronic effects caused by the triazine rings.   

Primary amino triazines are known to not form diazonium salts.57 However, the 

strong absorbance of microwave irradiation by carbon nanotubes could promote new 

reactions.58 Thus, in order to know if there is a possible reaction between the amino 

groups in the positions 2 and 4 of triazines and the nanotubes the following experiment 

was designed: the same conditions used to obtain derivative SWCNTs-2 were applied to 

a mixture of pristine single walled carbon nanotubes with 6-(p-tolyl)-2,4-diamine-1,3,5-

triazine (5) (figure 2.36) and the crude was analysed.  
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Figure 2.36. Possible reaction of 6-(p-tolyl)-2,4-diamine-1,3,5-triazine (5) with SWCNTs. 

At first glance, the most remarkable observation was the absence of the typical 

yellow colour observed in the arylation reactions. In place of that, three different 

components were clearly distinguished: a black solid (nanotubes named SWCNTs-3), a 

shiny white solid (named 16) and a colourless solution. The nanotubes were isolated by 

washing with DMSO, water and ether and, after drying, they were analysed by Raman 

spectroscopy (figure 2.34). In the spectrum, no modification of the D-band was observed, 

suggesting no perturbation of the nanotubes walls.  
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Figure 2.37.  Normalized Raman spectra of p-SWCNTs and SWCNTs-3 using a laser source at 633 nm. 

A shiny white solid 16 was recovered from the filtered solution by evaporating the 

solvent. This solid was analysed by mass spectrometry and no alterations were observed 

with respect to 5. Accordingly to these experiments, we assumed that no-reaction occurs 

in the nanotubes via the amino groups in the position 2 and 4 of the triazine.  
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After the tuning of the reaction with triazine 1, single walled carbon nanotubes 

were functionalized with (2-octylamino-4-amino-6-(4-aminophenyl)-1,3,5-triazine (4) 

(figure 2.38) yielding SWNCTs-4.  

 

Figure 2.38. Synthesis of SWCNTs-4. 

The TGA analysis of SWCNTs-4 (figure 2.39) showed 24 % of weight loss at 600 

ºC, corresponding to 800 µmol of functional group per gram of carbon nanotube. The 

degree of functionalization is 1 functional group per 79 carbon atoms. 
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Figure 2.39. Thermogravimetric analysis of p-SWCNTs and SWCNTs-4. 

The Raman analysis (figure 2.40) showed the increment in the D-band after the 

functionalization. As expected, and accordingly with these data, similar degree of 

functionalization was obtained with trizines 4 and 1.   
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Figure 2.40. Normalized Raman spectra of p-SWCNTs and SWCNTs-3 using a laser source at 633 nm. 

The next experiments consisted of the functionalization of SWCNTs with triazines 

6-(3-aminophenyl)-2,4-diamine-1,3,5-triazine (2) (figure 2.41) and 6-(2-aminophenyl)-

2,4-diamine-1,3,5-triazine (3) (figure 2.42)  following the same procedure.  

 

Figure 2.41. Synthesis of SWCNTs-5. 
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Figure 2.42. Synthesis of SWCNTs-6. 
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In figure 2.43 the TGA analyses of these hybrids versus p-SWCNTs and derivative 

SWCNTs-2 is shown. In all the derivatives an increase in the weight loss in comparison 

with the p-SWCNTs can be observed. When analysing by comparing the different 

hybrids, almost no differences were found in the degree of functionalization between the 

different hybrids. The weight loss at 600 ºC was between 14.5-15.5 % corresponding to 

around 800 µmol of functional group per gram of carbon nanotube. The degree of 

functionalization is 1 functional group per approximately 80 carbon atoms.  
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Figure 2.43. Thermogravimetric analysis of p-SWCNTs, SWCNTs-2, SWCNTs-5 and SWCNTs-6. 

However, different intensities of the D-Band in the Raman spectra of the hybrids 

were observed (figure 2.44). Almost no-differences were observed between SWCNTs-2 

and SWCNTs-5, but SWCNTs-6 had a considerably smaller band.  
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Figure 2.44. Normalized Raman spectra of p-SWCNTs and SWCNTs-2, SWCNTs-5 and SWCNTs-6 

using a laser source at 633 nm. 

The higher functionalization degree achieved by TGA analysis in comparison with a low 

intensity of the D band can be associated with the formation of oligomerized structures 

by the diazonium salt. This reaction has been previously reported, including also possible 

azo bonds within the layer or at the substrate-aryl interface (figure 2.45).59  

  

Figure 2.45. Mechanisms of modification of surfaces by (electro)chemical reduction of diazonium salts. C 

= carbon; SC = semi-conductor; M = metal; P = polymer; I = insulating.59 
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Although this situation is more common in the modification obtained by 

electrochemical reduction of diazonium salts, the microwave irradiation together with the 

most exposed rings of 6-(2-aminophenyl)-2,4-diamine-1,3,5-triazine (3) could favour the 

oligomerization in our tubes (figure 2.46).   

 

Figure 2.46. Possible oligormerization onto carbon nanotubes SWCNTs-6 by orto-triazine diazonium 

salts.  

In order to assess the kind of organic material attached to these nanotubes, new 

characterization experiments are being performed in this hybrid SWCNTs-6. 

All the synthesized SWCNTs hybrids are summarized in table 2.1.  
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Sample Structure 

TGA weight 

loss (%) at 

600ºC  

Functional 

group 

coveragea 

µmol of 

functional 

group per 

gram of carbon 

nanotube   

 

SWCNTs-1 
 

15.7 41 1724 

 

SWCNTs-2 
 

14.5 91 781 

 

SWCNTs-4 
 

24 79 800 

 

SWCNTs-5 
 

11 80 800 

SWCNTs-6 

  

19.5 80* 800* 

Table 2.1. Summary of all the synthesized SWCNTs hybrids. a) Number of carbons per functional 

group=[(100-%weightloss)·Mmfunctionalgroup]/12·%weightloss The hybrid SWCNTs-3 is not shown as they are intact 

pristine nanotubes. *Quantity of triazine groups estimated from the TGA results while further 

characterization is in progress.  

In the process of molecular recognition we need to analyse the influence of the type 

of functional group and not the number of them of the in our nanotubes. In this sense the 

degree of functionalization is an important factor to control. For this reason and in order 

to compare nanotubes functionalized with p-toluidine with that functionalized with 
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triazine derivatives, three consecutive addition reactions were carried out with triazine 

derivatives on the same sample of nanotubes.  

In figure 2.47, the TGA analysis and the RAMAN spectra of the derivatives 

functionalized once and three times (named 3-SWCNTs-x) versus p-SWCNTs are 

shown.  An increase in the degree of functionalization can be observed after the triple 

functionalization of all the derivatives by both techniques. Therefore, it is clear that we 

can easily modify the degree of functionalization of the nanotubes. This allows us the 

modulation of the union points for the riboflavin in the receptors. As expected according 

to the characteristics of SWCNTs-3, the triple functionalization of 3-SWCNTs-6 did not 

show a high increase in the D-Band and in the weight loss obtained by TGA. It can be 

due to the aforementioned oligomerization reactions that could exist to a greatest extent 

in this hybrid.  
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Figure 2.47. Thermogravimetric analyses and normalized Raman spectra using a laser source at 633 nm of 

p-SWCNTs, 3-SWCNTs-x and a) SWCNTs-2, b) SWCNTs-3, c) SWCNTs-5 and d) SWCNTs-6. 3-

SWCNTs-x indicates the triple functionalization of every SWCNTs-x. 
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Once the reactions were successfully carried out and fully characterized with 

SWCNTs, MWCNTs 7000 were functionalized with the same p-tolyl and triazine chains 

and using the same procedures than previously have been described. MWCNTs 

derivatives were used to analyse the molecular recognition of riboflavin due to the higher 

solubility of the final derivatives. The TGA analyses of all the hybrids versus p-

MWCNTs are shown in figure 2.48. In addition, to summarize, the different derivatives 

and all the data obtained from the TGA are shown in table 2.2.   
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Figure 2.48. Thermogravimetric analysis versus p-MWCNTs of a) MWCNTs-1, b) MWCNTs-2, c) 

MWCNTs-3, d) MWCNTs-4 and e) MWCNTs-5.  
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Sample Structure 

TGA weight 

loss (%) at 

600ºC  

Functional 

group 

coveragea 

µmol of 

functional group 

per gram of 

carbon nanotube   

 

MWCNTs-1 
 

11 61 1178 

 

MWCNTs-2 
 

13 110 667 

 

MWCNTs-3 
 

19 110 610 

 

MWCNTs-4 
 

13 110 667 

 

MWCNTs-5 

 

 

12 114* 645* 

Table 2.2. Summary of all the synthesized MWCNTs hybrids. a) Number of carbons per functional 

group=[(100-%weightloss)·Mmfunctionalgroup]/12·%weightloss *Quantity of triazine groups estimated from the TGA 

results while further characterization is in progress. 

MWCNTs-1 showed 11 % of weight loss at 600 ºC, corresponding to 1178 µmol 

of functional group per gram of carbon nanotube. This is 1 functional group per 61 

carbon atoms. On the other hand, MWCNTs-2 exhibited 13 % of weight loss, 
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corresponding to 667 µmol of functional group per gram of carbon nanotube. The degree 

of functionalization is 1 functional group per 110 carbon atoms. If we observe all the 

triazine derivatives, the reaction with p-toluidine (14) introduces more functional groups 

in MWCNTs-1 than the reaction with triazines, as it was already observed with 

SWCNTs.  

With the aim of analysing only the influence of the types of functional group and 

not the number of them in our nanotubes, three successive addition reactions were also 

carried out with triazines over the same sample of MWCNTs. In this way, we had similar 

functionalization degrees in the hybrids with triazine (3-MWCNTs-2, 3-MWCNTs-4, 3-

MWCNTs-5 and 3-MWCNTs-6) and the hybrid with p-tolyl chains (MWCNTs-1). The 

TGA analysis and the RAMAN spectra of the derivatives functionalized once 

(MWCNTs-x ) and three times (3-MWCNTs-x) versus p-SWCNTs are shown in figure 

2.49. 
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Figure 2.49. Thermogravimetric analyses of p-SWCNTs together with 3-MWCNTs-x and a) MWCNTs-

2, b) MWCNTs-3, c) MWCNTs-4 and d) MWCNTs-5. 3-MWCNTs-x indicates the triple 

functionalization of every MWCNTs-x.  
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As it can be observed in the TGAs, the weight loss at 600 ºC (quantity of functional 

groups) increased from MWCNTs-x  to 3-MWCNTs-x in all the derivatives. We 

introduced around 1000 micromoles per gram of multi-walled carbon nanotubes in every 

derivative. The degree of functionalization is around 1 functional group per 60 carbon 

atoms which suits perfectly with the obtained value for the derivative MWCNTs-1 (1 

Functional group/61 Carbon atoms). All the triple triazine-funcionalized compounds are 

summarized in table 2.3. There is only one derivative that does not follow this trend. The 

derivative 3-MWCTNs-3 has less triazines chains attached, only 772 micromoles of 

triazines per gram of carbon nanotubes. However, as it occurs with the other nanotubes 

functionalized with 6-(2-aminophenyl)-2,4-diamine-1,3,5-triazine (3), the 

functionalization of 3-MWCNTs-5 should be further characterized in order to asses if we 

have individual triazines attached to the tubes or we have oligomers.  
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Sample Structure 

TGA weight 

loss (%) at 

600ºC 

Functional 

group 

coveragea 

µmol of 

functional group 

per gram of 

carbon nanotube 

 

3-MWCNTs-2 
 

19.5 63 1056 

 

3-MWCNTs-3 
 

23 110 772 

 

3-MWCNTs-4 
 

21.3 83 1145 

 

3-MWCNTs-5 

 

 

18.7 67* 1005* 

Table 2.3. Summary of all the triple triazine-funcionalized MWCNTs hybrids. a) Number of carbons per 

functional group=[(100-%weightloss)·Mmfunctionalgroup]/12·%weightloss *Quantity of triazine groups estimated 

from the TGA results while further characterization is in progress. 

Raman spectroscopy is not commonly used to characterize the functionalization of 

multi-walled carbon nanotubes due to the high D-band present in this nanotubes. 

However, some authors describe the increment in the intensity of the D band after the 

introduction of a huge amount of defects by oxidizing the multi-walled carbon 

nanotubes.60 Taking this into account, MWCNTs derivatives with the highest degree of 

functionalization (MWCNTs-1 and triple-functionalized 3-MWCNTs-2, 3-MWCNTs-

3, 3-MWCNTs-4 and 3-MWCNTs-5) were analysed by this technique and compared 

with the pristine material. In all the experiments a strong increment in the D band was 
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observed after functionalization, corroborating the introduction of a great number of 

functional groups (figure 2.50). Nevertheless, the D-band of 3-MWCNTs-5, the one 

functionalized with 6-(2-aminophenyl)-2,4-diamine-1,3,5-triazine (3), showed a smaller 

increase than the ones of the other derivatives, suggesting the previously mentioned 

oligomerization reactions.  
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Figure 2.50. Normalized Raman spectra using a laser source at 633 nm of p-MWCNTs, 3-MWCNTs-x 

and a) MWCNTs-1, b) MWCNTs-2, c) MWCNTs-3, d) MWCNTs-4 and e) MWCNTs-5.  3-

MWCNTs-x indicates the triple functionalization of every MWCNTs-x . 
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3.3. Self-assembly studies 

The self-assembly of carbon nanotubes could be study in different solvents.61 As it 

has been previously described in the introduction, a recent study of our group has showed 

that functionalized carbon nanotubes that can form hydrogen bonds in systems AD-DA 

(acceptor donor-donor acceptor) produce good dispersion in aprotic polar systems as 

DMF while they self-assemble in superstructures in solvents where they don't form 

hydrogen bonds as dicloromethane.43 Thereupon, the behaviour of the tubes in different 

solvents gives us an idea about the kind of interactions between them and the type of 

functionalization. Hence, we have analysed the behaviour of different hybrids in different 

solvent by transmission electron microscopy (Figure 2.44). MWCNTs-1 and MWCNTs-

2 were chosen as representative samples: MWCNTs-1 has p-tolyl chains without the 

possibility of forming hydrogen bonds and MWCNTs-2 has triazine chains with this 

capability. Triazine-MWCNT derivative formed good dispersion in water, MWCNTs-2 

(figure 2.51.a) due to the hydrogen bonds interactions between the organic chains and the 

solvent. However, the p-tolyl functionalized nanotubes MWCNTs-1 formed aggregates 

in water (figure 2.51.b) as no interactions with the solvent are possible. Nevertheless, in 

non-polar solvents as 1,1,2,2-tetrachloroethane, they showed the opposite behaviour. The 

triazine functionalized nanotubes, MWCNTs-2, self-assembled due to the hydrogen 

bond interactions between their functional groups (figure 2.51.c) while the p-tolyl 

functionalized nanotubes MWCNTs-4 formed a very good dispersion (figure 2.51.d). 

These results confirmed our assertion about the kind of organic groups attached to 

nanotubes and the kind of interactions that they can suffer.  
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Figure 2.51. TEM Images of a) (MWCNTs-3)  in H2O, b) MWCNTs-5 in H2O, c) MWCNTs-4 in 

H2O, d) MWCNTs-3  in 1,1,2,2-tetrachloroethane, e) MWCNTs-5  in 1,1,2,2-tetrachloroethane and f) 

MWCNTs-4 in 1,1,2,2-tetrachloroethane. The concentration of nanotubes in all samples was 0.025 mg 

mL-1. 
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3.4. Molecular recognition 

As it has been mentioned in the introduction, the study of the molecular recognition 

of flavins by a receptor is important in the development of sensors as well as in the 

improvement of chemistry models to understand the role of the non-covalent interactions 

in the enzymatic processes. In a first experiment, in order to obtain a qualitative idea of 

the interaction between triazine functionalized carbon nanotubes MWCNTs-2 and 

riboflavin, an excess of riboflavin was added to a 1,1,2,2-tetrachloroethane solution of 

MWCNTs-2 (0.025 mg mL-1) and the mixture was stirred for 24 hours. The recognition 

processes were analysed by TEM.  In figure 2.52 a high dispersability of nanotubes after 

the addition of riboflavin can be observed. As expected, the triple ADA-DAD hydrogen 

bonding interaction between the functional groups of the nanotubes and riboflavin breaks 

the bundles (figure 2.53). 

                            

Figure 2.52. TEM Images of MWCNTs-2 solution in 1,1,2,2-tetrachloroethane (0.025 mg mL-1) a) before 

and b) after the addition of an excess of riboflavin.  

500 nm 500 nm 

a                     MWCNTs-2 b          RBF-MWCNTs-2 
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Figure 2.53. Expected interaction between MWCNTs-2 and riboflavin.  

In general, the methods to observe the molecular recognition are based on the 

physical and chemical changes of the receptor system when it interacts with the acceptor 

system. Many studies have been developed in order to analyse the recognition of flavin 

by different receptors observing, for example, the quenching of its fluorescence,62,63 the 

movement of its peaks in IR-spectroscopy64 and in NMR19 or the modification of the 

redox potential by cyclic voltammetry.65 In particular, the absorption and fluorescence 

spectra of riboflavin have been widely studied.66,67 and they will be the techniques to be 

used in our experiments.  

Figure 2.54 shows the UV-Vis spectrum of titration of riboflavin with increasing 

concentrations of 3-MWCNTs-2 in water. This triazine hybrid was firstly analysed as it 

has a high degree of functionalization and it is expected to recognize the riboflavin and 

disturb its environment to a greater extent. On one hand, an enhancement in the 

absorbance can be observed with the increasing of the nanotubes concentration (as the 

proper absorbance of the tubes is summed to the riboflavin absorbance).  On the other 

hand, blue shifts in the bands of 374 and 444 nm can be observed from the riboflavin 

solution (black line) to the mixed solution of riboflavin and nanotubes at the maximum 

concentration (orange line line). Shifts are higher than 16 nm for the first band, and 

exactly of 11 nm for the second one. The band at 374 is attributed to the π–π* and n-π∗ 

transition of riboflavin and the band of 444 nm to the π–π* transition.68–70 When the 
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hydrogen bond interactions of flavins with their environment are modified, the peak at 

444 nm shifts moderately, while the maximum at 374 nm suffers relatively wide shifts in 

the wavelength.71 Therefore, the movement of the maximum in our experiment can be 

attributed to a modification in the hydrogen bonds environment of the riboflavin by 

interactions with the triazine functionalized nanotubes.  
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Figure 2.54. Uv-Vis-NIR spectra showing monotonic increase in intensity of riboflavin with increasing 

concentration of 3-MWCNTs-2. [RBF]=5.0·10-3 mgmL-1, [MWCNTs-2] = 0, 1.7·10-3- 6.7·10-3 mgmL-1.  

Fluorescence spectroscopy is known to have higher level of sensitivity than UV-vis 

spectroscopy. Hence, the interaction between the triazine-functionalized carbon 

nanotubes 3-MWCNTs-2 and riboflavin was also analysed by this technique. Figure 

2.55 shows the effect of increasing concentrations of triazine functionalized carbon 

nanotubes 3-MWCNTs-2 on the fluorescence emission spectrum of riboflavin (red line). 

Addition of 3-MWCNTs-2 to the solution of riboflavin induced the quenching of its 

fluorescence emission, due to the interaction between both species.  
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Figure 2.55. Fluorescence spectra showing monotonic decrease in intensity of riboflavin with increasing 

concentration of 3-MWCNTs-2 (λexc = 444 nm). [RBF]=1.0·10-3 mgmL-1 (black line), [3-MWCNTs-2] = 

5.7·10-4 (green line) - 2·10-3 (blue line) mgmL-1.  

The maximum of the emission spectrum at 524 nm was used to analyse the 

quenching data by using the Stern-Volmer equation (1).72 (Figure 2.56) 

FI0/FI=1+KSV[Q] (1) 

Where FI0 and FI are the fluorescence intensities in the absence and presence of the 

quencher, respectively, KSV is the Stern-Volmer quenching constant, and [Q] is the 

concentration of the quencher in the sample. The Stern-Volmer quenching constant (KSV) 

was 128.22  ± 6.81 mLmg-1. It we calculated the constant as a function of the moles of 

triazine attached to the nanotubes it is 121420 ± 6449 L/moltriazine.  
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 Figure 2.56. Stern–Volmer plot for riboflavin fluorescence according to the concentration of 3-

MWCNTs-2. 

In addition, the absorbance and fluorescence studies have been carried out with the 

hybrids MWCNTs-1. This hybrid has been functionalized with p-tolyl without the 

possibility of forming hydrogen bonds. Its degree of functionalization is the same as the 

one of 3-MWCNTs-2. The analysis showed a weaker interaction than 3-MWCNTs-2. 

The blue shift in the UV-visible spectrum (figure 2.57) is smaller (4 nm at 374 nm and 3 

nm at 444 nm) and the quenching of the fluorescence of the riboflavin is not as high as 

the quenching provoked by 3-MWCNTs-2 (figure 2.58).  
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Figure 2.57. Uv-Vis-NIR spectra showing monotonic increase in intensity of riboflavin with increasing 

concentration of MWCNTs-1. [RBF]=0, 5.0·10-3 mgmL-1 (black line), [MWCNTs-1] = 3.3·10-4 (red line) - 

2·10-3
 (orange line) mgmL-1.  
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Figure 2.58. Fluorescence spectra showing monotonic decrease in intensity of riboflavin with increasing 

concentration of MWCNTs-2 (λexc = 444 nm). [RBF]=1.0·10-3 mgmL-1 (black line), [MWCNTs-2] = 

5.7·10-4 (red line) - 1.3·10-3 (green line) mgmL-1.  
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On the other hand, the quenching of flavin fluorescence is known to be due to both, 

hydrogen bonds and π−π interactions.73  It is also known that nanotubes are able to form 

easily π−π interactions 74–76 even with flavins.77–82 Before continuing with the analysis of 

all the triazine derivatives, the extent of these π−π interactions in the quenching was 

studied. To get this objective in figure 2.59 the fluorescence of riboflavin (black line) is 

analysed against different kinds of nanotube hybrids: triazine functionalized carbon 

nanotubes with different degrees of functionalization MWCNTs-2 and 3-MWCNTs-2, 

p-tolyl functionalized carbon nanotubes MWCNTs-1, that cannot form hydrogen bonds 

and p-MWCNTs  (figure 2.60).  
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Figure 2.59. Fluorescence of riboflavin (1.0·10-3 mgmL-1) and riboflavin-nanotubes (1.0·10-3 mgmL-1 - 

2.0·10-3 mgmL-1) solutions (λexc = 444 nm).  

Pristine nanotubes produced the highest quenching of riboflavin (pink line) and the 

p-tolyl functionalized nanotubes (MWCNTs-1) the lowest (red line). Presumably, the 

functional groups in the p-tolyl functionalized carbon nanotubes avoid the approach of 

the planar rings of riboflavin to the walls. This argument agrees with other studies where 

less quencher-effect of functionalized nanotubes versus pristine nanotubes was 

observed.83 Notably, when 3-MWCNTs-2 and MWCNTs-1 are compared, a major 

quenching for the triazine derivative (3-MWCNTs-2) versus the p-tolyl derivative 

(MWCNTs-1) is observed. Due to the fact that both derivatives have equal degree of 
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functionalization, the highest quenching can be related to the ability of forming hydrogen 

bonds in the triazine hybrids.  

 

Figure 2.60. Confrontation of riboflavin with the different hybrids: a) MWCNTs-2 and 3-MWNCTs-2; b) 

MWCNTs-1 and c) p-MWCNTs . 

Once the influence of hydrogen bonds in the molecular recognition process was 

demonstrated, we carried out the same analyses with the other MWCNTs functionalized 

with triazines. As the highest quenching was obtained with the nanotubes functionalized 

three times, all the following studies were performed with the triple functionalized 

derivatives.  

Firstly, we analysed the molecular recognition of riboflavin by the receptor 3-

MWCNTs-4, with the same triazine chain of 3-MWCNTs-2 but different relative 

position (figure 2.61).  

 

Figure 2.61. Expected interaction between 3-MWCNTs-4 and riboflavin. 

a                                      b                                                        c                                                                          
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The titration of riboflavin with increasing concentrations of 3-MWCNTs-4 is 

shown in figure 2.62. The increment in the absorbance and movements of the maximums 

were also observed. Blue shifts of 4 nm appeared for both bands at 374 and 444. These 

smaller values in comparison with the 3-MWCNTs-2 hybrid indicated a diverse 

modification of the riboflavin environment caused by each triazine-nanotube derivative.  
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Figure 2.62. Uv-Vis-NIR spectra showing monotonic increase in intensity of riboflavin with increasing 

concentration of 3-MWCNTs-4. [RBF]=0, 5.0·10-3 mgmL-1 (black line), [3-MWCNTs-4] = 3.3·10-4 (red 

line) - 2·10-3 (orange line) mgmL-1.  

The titration was also performed using fluorescence spectroscopy (figure 2.63). 

The same fluorescence profile as in the previous experiments was observed with a linear 

fitting according to the Stern-Volmer relationship (figure 2.64). The association constant 

was 123.87  ± 8.21 mLmg-1 similar to the value of derivative 3-MWCNTs-2 (128.22  ± 

6.81 mLmg-1). Therefore, almost the same degree of interaction was observed for both 

hybrids according to the fluorescence results. However, the significance of the 

interactions in the tubes (hydrogen bonds or π−π stacking) differs, according to the 

different values of blue shifts. 
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Figure 2.63. Fluorescence spectra showing monotonic decrease in intensity of riboflavin with 

increasing concentration of 3-MWCNTs-4 (λexc = 444 nm). [RBF]=1.0·10-3 mgmL-1 (black line), [3-

MWCNTs-4] = 5.7·10-4 (pale green line) -1.3·10-3 (red line) mgmL-1. 

 

Figure 2.64. Stern–Volmer plot for riboflavin fluorescence according to the concentration of 3-

MWCNTs-4. 

Afterwards, we analysed the molecular recognition of riboflavin by the receptor 3-

MWCNTs-5 (figure 2.65). As expected, an increment in the absorbance together with a 

blue shift of the maximums (6 nm for the one at 374 nm and 6.5 nm for the one at 444 
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nm) were observed in the UV-Vis-NIR spectra after increasing concentrations of 

nanotubes (figure 2.66). In addition, the blue shifts were different from any other 

previously observed. 

 

Figure 2.65. Expected interaction between 3-MWCNTs-5 and riboflavin. 
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Figure 2.66. Uv-Vis spectra showing monotonic increase in intensity of riboflavin with increasing 

concentration of 3-MWCNTs-5. [RBF]=0, 5.0·10-3 mgmL-1 (black line), [3-MWCNTs-5] = 3.3·10-4 (red 

line) - 2·10-3 (orange line) mgmL-1. Inset: detailed movement of the maximum after overlapping the first 

and the last signals. 

The quenching of the fluorescence of riboflavin after increasing concentrations of 

3-MWCNTs-5 is shown in figure 2.67. The titration showed a diverse tendency to the 

previously observed: a high decrease in the fluorescence at the beginning, following by 

small decreases in the succeeding additions of nanotubes.  
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Figure 2.67. Fluorescence spectra showing monotonic decrease in intensity of riboflavin with increasing 

concentration of 3-MWCNTs-5 (λexc = 444 nm). [RBF]=1.0·10-3 mgmL-1 (Black line), [3-MWCNTs-5] = 

5.7·10-4 (red line) - 1.3·10-3 (dark green line) mgmL-1. 

In fact, when applying the “simple” adjustment given by the Stern-Volmer 

equation (1), the tendency did not fit it properly (figure 2.68). This also confirmed a 

different interaction of the hybrid 3-MWCNTs-5 and riboflavin.  
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Figure 2.68. Stern–Volmer plot for riboflavin fluorescence according to the concentration of 3-MWCNTs-

5. 
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Non-linear Stern-Volmer plots are associated to heterogeneous systems with 

accessible and non-accessible fluorophores. For example, it occurs in protein in which 

the three-dimensional structure can leave some recognition centres more accessible than 

others.84 The ideal or extreme situation of these systems yields plots similar to the figure 

2.69.  

 

Figure 2.69. Ideal Stern-Volmer plot for systems having accessible and non-accessible fluorophores. 

In these systems the appropriate form of the Stern-Volmer equation is the shown in 

equation (2):  

FI0/ (F I0-FI) = 1/(faK[Q]) + 1/fa (2) 

Where FI0 and FI are the fluorescence intensities in the absence and presence of the 

quencher, respectively, K is the Stern-Volmer quenching constant for these systems, [Q] 

is the concentration of the quencher in the sample and fa is the molar fraction of the 

accessible fluorophores.  

With this in mind, the fitting of our system 3-MWCNTs-5-RBF following this 

equation yielded a more linear regression (figure 2.70). Therefore, all the results 

suggested a different disposition of the riboflavin over the hybrid 3-MWCNTs-5 with 

respect to the other triazine-nanotubes systems. This anomalous behaviour can be 

attributed to a different arrangement of the triazine molecules over the wall of the carbon 

nanotubes, as the reaction by the orto position would bring closer the triazine rings, 

which makes the triazine less accessible to riboflavin. In addition, the oligomerization of 
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the triazines during the functionalization of this hybrid should be analysed as it can also 

influence to the system nanotube/riboflavin.  
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Figure 2.70. Stern–Volmer plot for systems having accessible and non-accessible fluorophores for 

the system riboflavin-3-MWCNTs-5. 

Finally, the same titrations were performed with the hybrid 3-MWCNTs-3 (figure 

2.71). This hybrid has an octyl chain, with +I effect, in one of its amines. This makes this 

group less eager for electronic density, which may affect the strength of the hydrogen 

bonds. It should be also pointed out that the amount of functional group in this hybrid is 

slightly lower than in the rest of triple triazine functionalized nanotubes.  
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Figure 2.71. Expected interaction between 3-MWCNTs-3 and riboflavin. 

The analysis by UV-Vis-NIR spectroscopy of riboflavin with increasing 

concentrations of 3-MWCNTs-3 is shown in figure 2.72. Almost the same behaviour of 

the previous derivatives was observed, an increment in the absorbance with blue shifts 

after the addition of increasing quantities of nanotubes. As expected, the blue shifts 

caused by this hybrid (5nm for the maximum of at 374 nm and 7 nm for the maximum at 

444 nm) were different to the previous ones, as the extent of their interactions with 

riboflavin were also expected to be different.  
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Figure 2.72. Uv-Vis spectra showing monotonic increase in intensity of riboflavin with increasing 

concentration of 3-MWCNTs-3. [RBF]=0, 5.0·10-3 mgmL-1 (black line), [3-MWCNTs-3] = 3.3·10-4 (red 

line) - 2·10-3 (orange line) mgmL-1. Inset: detailed movement of the maximum after overlapping  the first 

and the last signals.  

The analysis by fluorescence also showed similar trends to the other derivatives, 

with increments in the quenching of the fluorescence of riboflavin after the titration with 

3-MWCNTs-3 (figure 2.73).  
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Figure 2.73. Fluorescence spectra showing monotonic decrease in intensity of riboflavin with increasing 

concentration of 3-MWCNTs-3 (λexc = 444 nm). [RBF]=1.0·10-3 mgmL-1 (black line), [3-MWCNTs-3] = 

5.7·10-4 (pale blue line) -1.3·10-3 (red line) mgmL-1. 

However, the tendency seems to not fit the “simple” Stern-Volmer equation (1) 

properly (figure 2.74) according to the coefficient of determination, R2 (0,908), 

confirming the different intreactions between this hybrid and riboflavin.  
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Figure 2.74. Stern–Volmer plot for riboflavin fluorescence according to the concentration of   

3-MWCNTs-3. 
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The fitting of the system following the equation (2) yielded a more linear 

regression, R2=0,935 (figure 2.75). Nevertheless, this data were neither good. The results 

suggested a different disposition of the riboflavin over the hybrid 3-MWCNTs-3 with 

respect to the other triazine-nanotubes systems, but the behaviour did not follow a clear 

tendency.  
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Figure 2.75. Stern–Volmer plot for systems having accessible and non-accessible fluorophores for 

the system riboflavin-3-MWCNTs-3. 

All the obtained results by UV-Vis-NIR and fluorescence spectroscopies are 

summarized in table 2.4. Accordingly to the blue shifts and the fluorescence patterns, a 

different extent of the interactions between each derivative and riboflavin can be 

deduced. Therefore, the molecular recognition of riboflavin can be modulated by 

modifying the chain linked to the nanotubes. The high value of the association constants 

of these systems are closer to the ones of flavin systems in three-dimensional pattern 

(18,000 L/moltriazine)
22 than to the ones of systems at molecular level (9,300 

L/moltriazine).
85 Even so, our association constants are at least 10 times bigger in 

comparison with the one of the polymeric system.22  
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The association constant of riboflavin with MWCNTs-2 (functionalized once with 

6-(4-aminophenyl)-2,4-diamine-1,3,5-triazine 1) was also calculated and it resulted 

141,964 ± 7061 Litres per mol of triazine. From the other hand, the association constant 

of the hybrid 3-MWCNTs-3 (functionalized three times with 6-(4-aminophenyl)-2,4-

diamine-1,3,5-triazine 1) was 121,420 ± 6449 Litres per mol of triazine. As these 

constants are referred to the triazine nuclei, their similar values indicate that the influence 

of the nanotubes walls is almost the same in both systems and also that the differences in 

the interactions with riboflavin are mainly due to the presence of the triazines.  
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SAMPLE 

Blue shifts 

%   Total 

Fluorescence 

Quenching 

K
VS 

(mLmg
-1

) 

K
VS 

(L/mol triazine) 

λ=373 nm λ=444 nm 
  

 

p-MWCNTs 2 nm 2 nm 25 % 151.57±4.08 --- 

MWCNTs-1 4 nm 3 nm 14 % --- --- 

3-MWCNTs-2 >16 nm 11 nm 21 % 128.22 ± 6.81 121,420 ± 6449 

3-MWCNTs-3 5 nm 7 nm 19 % 2405.0* --- 

3-MWCNTs-4 4 nm 4 nm 21 % 123.87 ± 8.21 108,183 ± 7170 

3-MWCNTs-5 6 nm 6.5 nm 30 % 8984.7* --- 

Table 2.4. Data obtained from the titrations of riboflavin with the multiwalled carbon nanotubes samples 

using UV-Vis-Spectroscopy and Fluorescence. *The association constants of non-linear Stern-Volmer 

systems are totally different to the proper Stern-Volmer and it cannot be compared.  

Once the formation of complexes between our functionalized MWCNTs and 

riboflavin was demonstrated, we carried out some preliminary studies of their 

electrochemical behaviour. p-MWCNTs , MWCNTs-1 and 3-MWCNTs-2 samples were 

tested as model compounds.   

Solution of riboflavin (0.001 mg/ml) and riboflavin-MWCNTs hybrids (0.001 

mg/ml : 0.002 mg/ml) in 0.1 M phosphate buffer at pH = 7.4 were analysed by 

differential pulse voltammetry. This technique highlights due to its good sensitivity.  

Some differences not only in the intensity, but also in the position of the peaks were 

observed for the different compounds (figure 2.77). Riboflavin exhibits one oxidation 

peak at -468 ± 6 mV on a glassy carbon electrode (vs. Ag/AgCl / KCl 3 M), as can be 

observed in the figure. Non-differences in its oxidation peak was observed after the 

interaction with p-MWCNTs  (-468 ± 2 mV). Surprisingly, slight displacements to more 

negative oxidation potentials were observed after interacting with MWCNTs-1 and 3-

MWCNTs-2, -495 ± 5mV and -487 ± 9 mV respectively. Althought the displacement in 
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the oxidation potentials of riboflavin were no so high, the results indicated a different 

extent of the interacions of riboflavin with every hybrid.  
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Figure 2.77. Differential pulse voltammetry of Glassy Carbon Electrode in RBF (black line), RBF-p-

MWCNTs  (red line), RBF-MWCNTs-1 (green line) and RBF-3-MWCNTs-2 (blue line). 

The interaction of the hybrids with riboflavin was also analysed by cyclic 

voltammetry using modified glassy carbon electrodes. The electrodes were modified by 

drop casting. For this purpose, 15 µL of multiwalled carbon nanotubes solutions (1.0 mg 

mL-1 in H2O:EtOH solution 1:1) were placed on the surface of the electrode and wait 

until evaporation in an oven at 50°C. Then, in order to stabilize the electrochemical 

signal, each electrode was cycled twice in PBS. Afterthat, the interaction between 

MWCNTs and riboflavin was studied measuring 10 consecutive CVs in RBF solution. 

Figure 2.78 compares the response of the first and the tenth cycle in RBF on all the 

modified electrodes. The study in buffer is also included for a better comparison. 
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Figure 2.78. Cyclic voltammograms obtained glassy carbon electrode modified with different carbon 

nanotubes (see labels in the figure): phosphate buffer (black line) , 1st (red line) and  10th cycle (blue line) 

in RBF. 

The presence of RBF is evidenced by the oxidation (around 0.49 V) and reduction 

signal (around 0.52 V). These peaks appear on all the structures after 10 cycles. In order 

to perform a dipper analysis, after 10 cycles in RBF, the electrodes were removed from 

the RBF solution, washed 10 seconds with MQ water and cycled again (10 times) in 

PBS. In all cases the signal of RBF remains and is constant in the CV, see an example in 

figure 2.79 (on MWCNTs-1). 
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 Figure 2.79. 10 cycles of GCE/MWCNTs-1 prior in RBF solution and then in PBS solution. 

 To analyze the amount of RBF attached on the electrodes (the quantity that suffers 

the redox process), the redox peaks of RBF were integrated and the area was converted to 

charge (Q) using the equation 3: 
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� =  �
� � � �	
�


�  (3) 

Figure 2.80 shows the variation of the cathodic charge on the different structures 

for the 10th cycle in RBF (A) and the average of the signal in PBS (B). Each bar 

corresponds to the average of 2 independent measurements: 
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Figure 2.80. Cathodic charge on the different structures for the 10th cycle in RBF (A) and the average of 

the signal in PBS (B). 

The highest charge was obtained using the glassy carbon electrode modified with 

p-MWCNTs . This is something expected as the covalent funcionalization can disturb the 

nanotubes walls affecting to their electronic properties. 

The mass of a substance altered at the electrode is directly proportional to 

the quantity of electricity transferred at that electrode according to the Faraday’s 

ecquation 4. 

n= �Q
F� �1

z�  (4) 

where n is the number of moles, Q is the chatodic charge, F = 96485 C mol−1 is 

the Faraday constant and z is the number of electrons transferred.  

 Considering the reaction present in figure 2.81 and the calculated charge, the 

amount of RBF that is reduced and also remains on the electrode after the stripping in 

PBS was 5.70 x 10-10 moles.  



Design of multifuncional systmes based on carbon nanomaterials 

140 

 

 

Figure 2.81. Redox process for riboflavin. 

In light of these preliminary electrochemical results, different extent of the 

interactions between riboflavin and the nanotubes hybrids can be deduced. This 

assumption agrees with the previous UV-Vis and fluorescence results and corroborates 

the influence of the attached organic chains in the systems. Nevertheless, more disturbing 

groups (strongly electron withdrawing or electron donating groups) should be attached to 

the triazine rings in order to produce more pronounced variations of the riboflavin 

behaviour. 
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4. Experimental section 

4.1. General methods 

Solvents were purchased from SDS and Fluka. Chemicals were purchase from 

Sigma-Aldrich or Across Organics and were used as received without further 

purification. 

HipCo® SWCNTs were purchased from Carbon Nanotechnologies, Inc., Lot 

#R0513 and used without purification. MWCNTs 7000 series were purchased from 

Nanocyl (lot #31825, www.nanocyl.com) and used without purification.  

Functionalization reactions were carried out in a CEM DISCOVER S-Class 

reactor with an infrared pyrometer, a pressure control system, stirring and an air cooling 

option. Quartz or glass flasks have been used when necessary. 

The Thin Layer chromatography (TLC) was performed in silica gel layers F254 

Merck (thick = 0.2 mm), using a UV lamp at a wavelength of 254 nm to reveal the 

presence of the organic compounds. In case the compounds were not UV active, an 

oxidation process was done using KMnO4, followed by heat. 1H-RMN and 13C-RMN  

spectra were recorded in solvent on a Varian Inova 400 spectrometer operating at 399.78 

MHz for 1H and 100.53 for 13C.  The value of chemical shift (δ) are quoted in parts per 

million (ppm) and the coupling constants (J) in Hertzs (Hz). 

As a mean of sonication a Selecta ultrasonic bath without heating was used. 

For the TEM  analyses, several drops of nanotubes solutions (0.025 mg/ml) in 

different solvents were placed on a copper grid (3.00 mm, 200 mesh, coated with carbon 

film). After being air-dried, the samples were investigated by TEM Philips EM 208, 

accelerating voltage of 100 kV. 

The thermogravimetric analyses were performed with a TGA Q50 (TA 

instruments) under nitrogen or air atmosphere by equilibrating at 100 ºC followed by a 

ramp of 10 ºC/min up to 1000 ºC.   
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UV-vis-NIR  spectra were recorder on a Varian Cary 5000 spectrophotometer. 

Fluorescence spectra were recorded with excitation filter at 444 nm, emission filter from 

450 to 700 nm and a slit width of 3 nm. For absorption and fluorescence experiments, 10 

mm path-length quartz cuvettes were used. Luminescence titration experiments were 

carried out onto 1 mL of a solution containing riboflavin (0.001 mg/ml) in water by 

addition of known μL aliquots of a solution containing MWCNTs (0.002 mg/mL) and 

riboflavin (0.001mg/ml) at room temperature. 

X-Ray Photoelectron spectra (XPS) were obtained with a VF Escalab 200R 

spectrometer equipped with a hemispherical electron analyser with a pass energy of 50 

eV and a Mg Kα (hν=1254.6 eV) X-ray source, powered at 120 W. Binding energies 

were calibrated relative to the C1s peak at 284.8 eV. High-resolution spectra envelopes 

were obtained by curve fitting synthetic peak components using the software “XPS 

peak”. Symmetric Gausian-Lorentzian curves were used to approximate the line shapes 

of the fitting components. Atomic ratios were computed from experimental intensity 

ratios and normalized by atomic sensitivity factors.  

  



Triazine-Carbon Nanotube derivatives for the Molecular Recognition of Riboflavin 

 

 

143 
 

4.2. Synthesis of triazine samples 

4.2.1. Synthesis of 6-(4-aminophenyl)-2,4-diamine-1,3,5-triazine (1).  

 

Compound (6) (1 g, 4.3 mmol) and hydrazine monohydrate (0.84 ml, 17.2 mmol) 

were dissolved in EtOH (300 ml) and stirred after the addition of cat. Pd/C (10%) at 80ºC 

overnight. The reaction solution was filtered through Celite®, washed with ethanol and 

evaporated in vacuum. Compound (1) was obtained as yellow powder. (825 mg, 95%).  
1H-NMR (500 MHz, DMSO-d6) δ = 11.0 (s, 2H, NH2), 7.88 (d, 2H, J=8.8 Hz, H2’,6’), 

6.47 (d, 2H, J=8.4 Hz, H3’,5’), 6.37 (s, 2H, NH2) and 5.50 (s, 2H, NH2) ppm. 13C-NMR 

(100 MHz, DMSO-d6) δ 170.70 (C6), 167.52 (C2,4), 152.32 (C4’) 129.79 (C2’,6’) 124.41 

(C1’) and 113.14 (C3’,  

4.2.2. Synthesis of 6-(3-aminophenyl)-2,4-diamine-1,3,5-triazine (2). 

 

A mixture of potassium hydroxide (3 mmol, 0.168 g), cyanoguanidine (8) (15 

mmol, 1.261 g), 3-aminobenzonitrile (7) (15 mmol, 1.772 g) and DMSO (5 mL) was 

introduced into a microwave glass vessel and irradiated at 130 ºC and 70 W for 15 

minutes. After cooling, the crude mixture was suspended in boiling water and filtered. It 

was dried with vacuum. 2.366 g of compound (2) were obtained (78 % yield). 1H-NMR 

(500 MHz, DMSO-d6) δ = 11.00 (s, 2H, NH2), 7.47 (s, 1H, H2’) 7.42 (d, 1H, J=7.7 H4’), 

7.07 (t, 1H, J=7.7 Hz and J=8.1 Hz, H5’), 6.67 (d, 1H, J=7.7 Hz, H6’) and 6.61 (s, 4H, 
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NH2) ppm. 13C-NMR (100 MHz, DMSO-d6) δ 171.02 (C6), 167.45 (C2,4), 148.50 (C3’) 

137.86 (C1’) 128.59 (C5’) 116.74 (C4’) 115.84 (C6’) and 113.42 (C2’). 

4.2.3. Synthesis of 6-(2-aminophenyl)-2,4-diamine-1,3,5-triazine (3). 

 

A mixture of potassium hydroxide (3 mmol, 0.168 g), cyanoguanidine (8) (15 

mmol, 1.261 g), 2-aminobenzonitrile (9) (15 mmol, 1.772 g) and DMSO (5 mL) was 

introduced into a microwave flask and irradiated at 130 ºC and 70 W for 15 minutes. 

After cooling, the crude mixture was suspended in boiling water and filtered. The 

reaction mixture was filtered and then concentrated to dryness. The mixture was purified 

by chromatography with an elution gradient using Hexane/AcOEt (95/5 to 70/30). 1.978 

g of compound (3) were obtained after drying (92 % yield) 1H-NMR (500 MHz, DMSO-

d6) δ = 8.16 (d, 1H, J=7.0 Hz, H3’), 7.20 (s, 4H, NH2)  7.07 (t, 1H, J=6.6 Hz, H4’), 6.70 (s, 

2H, NH2), 6.65 (d, 1H, J=7.9 Hz, H6’) and 6.45 (t, 1H, J=6.6 Hz and J=7.1 Hz, H5’) ppm. 
13C-NMR (100 MHz, DMSO-d6) δ 171.74 (C6), 166.50 (C2,4), 150.67 (C2’) 131.65 (C4’) 

130.14 (C6’) 116.54 (C3’), 115.93 (C1’) and 114.26 (C5’). 
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4.2.4. Synthesis of 3-octyl-1-cianoguanidine (11). 

N

H

N

N
H

C

H

N

11  

Octylamine (13) (2.5 ml, 15 mmol) and tetrafluoroboric acid diethyl ether complex 

(2.4 ml, 20 mmol) were stirred in 50 ml of isopropanol for 15 minutes at room 

temperature. Subsequently, a solution of sodium dicyanamide (14) (15 mmol, 1.340 g) in 

50 ml of isopropanol was added. The reaction was stirred for 48 h at 80 ºC. After 

cooling, the solvent was evaporated under vacuum. 10 ml of water were added over the 

crude and after 2 hours, a white precipitated was obtained by filtrating. After washing 

and drying, 2.6 g of compound 11 were obtained (88.4% yield). 1H-NMR (500 MHz, 

DMSO-d6) spectrum: 0.90 ppm (t, J = 6.6 Hz, 3H, CH3), 1.29 ppm (m, 10H, -(CH2)5- ), 

1.44 ppm (m, 2H, -CH2-), 3.06 ppm (dd, J = 6.9 Hz, J = 6.0 Hz, 2H, -CH2-),), 6.4-6.8 

ppm (bs, 5 H, NH).  

4.2.5. Synthesis of (2-octylamino-4-amino-6-(4-aminophenyl)-1,3,5-triazine (4). 

 

A mixture of potassium hydroxide (10 mmol, 0.4 g), 3-octyl-1-cianoguanidine (11) 

(8) (10 mmol, 1.967 g), 4-aminobenzonitrile (12) (10 mmol, 1.181 g) and DMSO (5 mL) 

was introduced into a microwave glass vessel and irradiated at 135 ºC and 70 W for 45 

minutes. After cooling, the crude mixture was suspended in water, sonicated for 15 

minutes, filtered and dried with vacuum. 1.406 g of compound (4) were obtained (45% 

yield). 1H-NMR (500 MHz, DMSO-d6) spectrum: 0.86 ppm (t, J = 6.6 Hz, 3H, CH3), 

1.20 - 1.40 ppm (m, 12H, -(CH2)6- ), 3.08 ppm (dd, J = 6.9 Hz, J = 6.0 Hz, 2H, -CH2-),), 
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6.17 ppm, 6,37 ppm and 6,60 (bs, 5 H, NH), 6.57 (d, 2H, J=8.8 Hz, H3’,5’), 7.98 (d, 2H, 

J=8.4 Hz, H2’,6’) 

4.2.6. Synthesis of 6-(p-tolyl)-2,4-diamine-1,3,5-triazine (5). 

 

A mixture of potassium hydroxide (3 mmol, 0.168 g), cyanoguanidine (8) (15 

mmol, 1.261 g), p-tolunitrile (13) (15 mmol, 1.757 g) and DMSO (5 mL) was introduced 

into a microwave glass vessel and irradiated at 130 ºC and 70 W for 15 minutes. After 

cooling, the crude mixture was suspended in boiling water, filtered and dried with 

vacuum. 2.807 g of compound (4) were obtained (93 % yield). 1H-NMR (500 MHz, 

DMSO-d6) δ = 8.15 (d, 2H, J=8.3 H2’,6’), 7.25 (d, 2H, J=7.9 H3’,5’), 6.70 (s, 4H, NH2), and 

2.35 (s, 3H, CH3) ppm. 13C-NMR (100 MHz, DMSO-d6) δ 171.02 (C6), 167.45 (C2,4), 

141.0 (C4’), 134.20 (C1’) 129.00 (C2’,6’) 127.8 (C3’,5’) and 20.5 (CH3).  

4.3. Synthesis of nanotubes derivatives 

4.3.1. Synthesis of SWCNTs-1 and MWCNTs-1.  

HipCo® pristine SWCNTs (25mg) or pristine MWCNTs 7000 (25 mg) were 

sonicated in deionized water together with p-toluidine (14) (120 mg, 1.1 mmol) for 10 

min in a microwave glass vessel. Then, isoamyl nitrite (15) (0.45 ml, 3.34 mmol) was 

added, and a condenser was placed. The mixture was irradiated for 90 min at 80 ºC at 

different power (100 W for 30 min, and after adding a new aliquot of isoamyl nitrite (15) 

30W for 60 min). After being cooled at room temperature, the crude was filtrated on a 

Millipore membrane (PTFE, 0.2 µm). The product was removed from the filter and 

washed with dimethylformamide, methanol and dichloromethane (sonicated and filtrated) 

until the filtrate was clear and finally washed with ether, affording the corresponding 

derivatives.  
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4.3.2. Synthesis of SWCNTs-2, SWCNTs-5, SWCNTs-6, MWCNTs-2, MWCNTs-

4 and MWCNTs-5.  

HipCo® pristine SWCNTs (25mg) or pristine MWCNTs 7000 (25 mg) were 

sonicated in deionized water together with the corresponding triazine (1, 2 or 3) (210 mg, 

1.1 mmol) for 10 min in a microwave glass vessel. Then, isoamyl nitrite (15) (0.56 ml, 

4.16 mmol) was added, and a condenser was placed. The mixture was irradiated for 90 

min at 80 ºC at different power (100 W for 30 min, and after adding a new aliquot of 

isoamyl nitrite (15) 30W for 60 min). After being cooled at room temperature, the crude 

was filtrated on a Millipore membrane (PTFE, 0.2 µm). The product was removed from 

the filter and washed with dimethylformamide, methanol and dichloromethane (sonicated 

and filtrated) until the filtrate was clear and finally washed with ether, affording the 

corresponding derivatives.  

4.3.3. Synthesis of SWCNTs-4 and MWCNTs-3.  

HipCo® pristine SWCNTs (25mg) or pristine MWCNTs 7000 (25 mg) were 

sonicated in deionized water together with (2-octylamino-4-amino-6-(4-aminophenyl)-

1,3,5-triazine (4) (345 mg, 1.1 mmol) for 10 min in a microwave glass vessel. Then, 

isoamyl nitrite (15) (0.56 ml, 4.16 mmol) was added, and a condenser was placed. The 

mixture was irradiated for 90 min at 80 ºC at different power (100 W for 30 min, and 

after adding a new aliquot of isoamyl nitrite (15) 30W for 60 min). After being cooled at 

room temperature, the crude was filtrated on a Millipore membrane (PTFE, 0.2 µm). The 

product was removed from the filter and washed with dimethylformamide, methanol and 

dichloromethane (sonicated and filtrated) until the filtrate was clear and finally washed 

with ether, affording the corresponding derivatives.  
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5. Conclusions 

We have successfully synthesized and fully-characterized 1,3,5-triazines-CNTs and 

p-tolyl-CNTs derivatives (SWCNTs and MWCNTs) by means of a radical addition. The 

self-assembly of the hybrids have been analysed by transmission electron microscopy, 

observing how the 1,3,5-triazines derivatives form good dispersions in water and self-

assembly in non-polar solvent due to the DAD-ADA hydrogen bonding recognition, 

while the p-tolyl derivatives show better dispersability in organic solvents and aggregate 

in polar solvents. On the other hand, the ability of the different nanotubes to recognize 

riboflavin has been studied by TEM, fluorescence and UV-Vis spectroscopy and the 

extent of the different non-covalent interactions has been analysed. It has been shown 

that the functionalization of nanotubes by covalent approach decrease their ability to 

form π−π stacking interactions and also that the hydrogen bond interactions play an 

important role in the recognition processes between the components. In addition, the 

influence of different triazine nuclei attached to the nanotubes as receptor of riboflavin 

has been also investigated by the same techniques. Different effects over the riboflavin 

have been observed for each one of the hybrids demonstrating that the behaviours of the 

system can be modulated by modifying the organic chains in the nanotubes derivatives. 

Preliminary electrochemical assays were also performed with some of the hybrids 

corroborating the previously observed results. Therefore, the observed interactions of 

nanotubes and riboflavin could be used to set its selectivity towards different analytes in 

catalysis processes.  
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1. Introduction 

The World Health Organisation defines cancer as the uncontrolled growth and 

spread of cells. It can affect almost any part of the body. The tumours often invade 

surrounding tissue and can metastasize to distant sites. Cancer is a leading cause of death 

worldwide, accounting for 8.2 million deaths of 14.1 million cancer cases in 2012. 

Furthermore, deaths from cancer worldwide are projected to continue rising, with 

estimated 19.1 million deaths in 2025, due to growth and ageing of the global 

population.1 If we look back to the statistics of 2008 (7.6 million of deaths came from 

12.7 million of cancer cases), the need of taking measures in this matter is more than 

evident considering that, despite the amazing improvements in medicine, cancer steadily 

continues advancing. The objective to be achieved is to cure the disease or considerably 

prolong life while improving the patient's quality of life. In terms of incidence, lung, 

breast and prostate cancers are the most predominant in the world, with almost non-

appreciable differences between lung and prostate cancers in men (figure 3.1).   

 

         

Figure 3.1. Estimated incidence of cancer in men over the world. Men population (thousands): 3557717.2 
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The existing treatments nowadays all require a careful selection of one or more 

interventions, such as surgery, radiotherapy, and chemotherapy. Others therapies, such as 

hormonal treatments, immunotherapy or gene therapy, are emerging; but the main 

handicap of most current treatments is the lack of selectivity. Owing to the fact that they 

cannot act directly in the tumour cells or damaged tissues, severe side effects are 

provoked, nearly always together with emotional distress; with the subsequent 

deterioration of patient’s quality of life. Nanotechnology works hand in hand with 

medicine to improve cancer treatments and overcome their limitations.3 Two main 

objectives have to be addressed in order to increase the efficacy per dose of any 

therapeutic or imaging contrast agent: to increase its targeting selectivity and to engineer 

them in such a way that they are able to get a better overcoming of the biological barriers 

(figure 3.2). In addition, they should ideally be able to recognise cells in their early stages 

of transformation towards the malignant phenotype.4 

 

Figure 3.2. Outline of main objectives of nanotechnology in cancer therapy.  

Carbon nanotubes (CNTs) are among the most interesting studied nanostructures 

against cancer. They have a great superficial area that can be easily modified. In addition, 

according with the functionalization methodologies explained in chapter one, different 

functionalities with different cargos can be introduced in nanotubes. Taking into account 

these advantages, different anticancer drugs, as well as immunotherapeutic formulations, 

nucleic acids or other moieties, have been attached to carbon nanotubes to be delivered 



New selective drugs based on carbon nanohorns 

161 

into cells (figure 3.3).5 They have been used as delivery systems, based on their ability to 

cross biological barrier; as well as in thermal ablation and radiotherapy. 

 

Figure 3.3. Different moieties attached to carbon nanotubes for applications in nanomedicine.  

On the other hand, nanohorns (CNHs) (figure 3.4) can offer new possibilities to 

nanomedicine due to their previously described properties, emerging as promising 

alternatives. In addition to the shared properties with nanotubes, the lack of metal 

nanoparticles in produced CNHs is one of their major advantages. Moreover, the suitable, 

spherical and homogenous size of the nanohorns should be considered as an additional 

value considering that spherical nanoparticles of moderate size have shown improved 

cellular uptake efficiency over rod-shaped.6 In fact, CNHs have already been used as 

drug carriers 7,8, as well as efficient biocarriers for gene therapy,9,10 demonstrating that 

CNHs are suitable platforms for delivery purposes. However, up to now the main 

handicap of these systems is their lack of specificity. Surprisingly, the use of carbon 

nanohorns in nanomedicine is not as widespread as the use of carbon nanotubes. For this 

reason, and considering that CNHs and CNTs are functionalized following similar 

methodologies, the examples described in this introduction include both of the 

nanostructures.  
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Figure 3.4. (a) Three-dimensional structure of CNHs dahlia aggregates (b) Detailed tip of CNHs. (c) 

Primary tube of CNH. 

Antibodies, also known as immunoglobulines, are a family of large Y-shaped 

proteins produced by the immune system to identify and neutralize foreign objects in the 

body.11 The typical structure of an antibody is shown in figure 3.5. It is formed by four 

polypeptide chains: two heavy chains (red and blue), which represent the class of 

antibody, and two light chains (green and yellow). Antibodies can target key regulators in 

the development of cancer.12 In fact, antibodies can be design against relevant tumor cell 

surface antigens.13 For example, glutamate carboxypeptidase II (GCPII) is an enzyme 

strongly expressed in the human prostate. This enzyme is also called prostate-specific 

membrane antigen (PSMA) as it has been shown that it is  overexpressed in prostate 

carcinoma tissues.14 Due to its prominence in the fight against cancer, numerous efforts 

have been made in order to engineering specific antibodies against this antigen.15  
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Figura 3.5. Typical structure of an antibody. Heavy chains are presented in red and blue colours and light 

chains in green and yellow colours. 

 The first FDA (US Food and Drug Administration) approved PSMA-targeted 

antibody was Prostascint® which is used to detect cancer cells through radiolabeling 

with Indium-111.16 This commercially available antibody is being used in hospitals, but 

his drawback is that it is not useful to target living cells as it only recognises the 

intracellular portion of the enzyme, only accessible in death or necrotic cells. 15 Using 

antibodies directed against extracellular domains of PSMA could improve the technique. 

This applies to D2B, a new murine IgG1 (Immunoglobulin G 1) monoclonal antibody 

isolated by the group of Professor Colombatti.17 The new D2B antibody has been 

radiolabeled with Indium111 and its potential to target PSMA-expressing prostate cancer 

xenografts in mice has been compared, among other, with 111In-labeled capromab 

pendetide antibody; the one used in the Prostascint® formulation.18 Although specific 

tumor targeting of the PSMA+ LNCaP (human prostate cancer cells) tumours was 

observed with 111In-labeled capromab pendetide, this was at a much lower level than with 
111In-D2B IgG, thus, showing better in vivo tumour targeting characteristics of the D2B 

antibody (Figure 3.6).  
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Figure 3.6. Representative SPECT (single photon emission computed tomography) images of mice bearing 

subcutaneous PC3-PSMA- (left flank, green arrows) and LNCaP-PSMA+ (right flank, blue arrows) prostate 

cancer xenografts at several time points after intravenous injection of 111In-D2B IgG and 111In-capromab 

pendetide. 

 Nanotechnology is taking the advantages of the antibodies selectivity in order to 

make up for the mentioned lack of specificity of nanomaterials. In fact, (Ab)-CNTs 

conjugates have been synthetized providing specific targeting and, in some 

circumstances, enhancing the efficacy of antitumor therapies. For example, the selective 

photothermal ablation of HER2 (human epidermal growth factor receptor 2) expressing 

breast cancer cells was achieved by a complex hybrid between HER2-IgY antibody and 

SWCNTs (figure 3.7).19   

 

Figure 3.7. Schema of SWCNTs covalently functionalized with anti-HER2 IgY antibody. 19   
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In another study, the selectivity of the anti-LYVE-1 (anti Lymphatic Vessel 

Endothelial Hyaluronan Receptor 1) antibody towards lymphatic endothelial cells (LEC) 

was added to the advantages of using gold and carbon nanotubes (GNT) in photothermal 

(PT) and photoacoustic (PA) contrast agents. Antibody-golden carbon nanotubes were 

synthesized and administrated to the mesentery of live mice, observing strong PT and PA 

signals preferentially located in the lymphatic wall (figure 3.8).  In addition, an increase 

of laser energy led not only to the PA detection of tumor cells but also the PT ablation of 

tumour cells in lymph nodes.20  

 

Figure 3.8. Scheme of GNT-assisted PA/PT molecular diagnostics and therapeutics (a) GNT synthesis and 

its delivery to the target. (b) Principle of targeting endothelial LYVE-1 receptors with antibody–GNT 

complex (left panel), and PA (top right) and PT (bottom right) detection signals. 20  

Bonifazi et al. also achieved a selective suppression of cancer cells by magnetic 

fluid hyperthermia (MFH) using Fe-filled CNTs with anchored Cetuximab, an antibody 

known to selectively bind the epidermal growth factor receptor (EGFR), over-expressed 

in several cancer cells.21 They used the same hybrid functionalized with bovine serum 

albumin (BSA) but without antibody as reference material (Figure 3.9).  
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Figure 3.9. Schematic representation of the synthetic routes towards Fe-filled carbon nanotubes 

functionalized with Cetuximab and bovine serum albumin.21 

At this point, the analysis of the different strategies to attach antibodies to 

nanotubes turns out to be interesting.  The different strategies that have been used up to 

now can be divided in covalent and non-covalent functionalization. Non-covalent 

interaction is thought to yield non-sufficiently stable conjugates due to the fact that 

proteins in the bloodstream can displace the Ab from the nanostructure. In contrast, 

covalent approaches yield more stable conjugates. Moreover, it is possible to manipulate 

the position of the antibody on the tubes just by choosing the kind of covalent reaction 

(figure 3.10).22   
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Figure 3.10. Different covalent strategies to covalently attach antibodies to carbon nanotubes.22   

Monoclonal antibodies have demonstrated considerable utility not only in 

diagnosis, but also in cancer therapy, then named immunotherapy. By linking the proper 

antigen, the antibody activates the immune system which destroys the cancer cells. 

However, their curative potential is often limited. Several drawbacks are associated to 

immunotherapy or cancer vaccines: 1) immune system in cancer patients is normally 

suppressed (more noticeable in old and sick people) and its ability to respond to a vaccine 

is limited, 2) some cancer cells, developed from healthy cells, can look non harmful for 

the immune system thus going unnoticed and not eliminated and 3) eliminating large 

tumors is really hard with only this treatment.23 New approaches are improving the 

efficacy of antibodies by using adjuvants. Within this context, antibody-drug conjugates 

(ADCs) (figure 3.11) represent an innovative therapeutic system that combines the 

leading properties of monoclonal antibodies with the cell killing activity of cytotoxic 

drugs, reducing systemic toxicity and increasing the therapeutic benefit for patients.24  
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Figure 3.11. Schematic system of ADCs. 

 In these systems, not only the drug and the antibody are important; the linker 

between both components is worth studying.25  With antibodies widely considered to not 

pass through the cellular membrane due to their high size (around 150 KDa), new 

generation of ADCs are designed paying attention to the linker in such a way that it is 

able to release the drug in the cells and to provide stability to the complex in the 

bloodstream.26–28 Carbon nanostructures are called to play an important role in these 

systems due to their effectiveness as carriers, as well as, their easily multi-modifiable 

surface. In fact, the design of selective drug nanocarriers has been already broached. By 

non-covalent methodologies different hybrids were synthesized showing targeted killing 

activity in vitro and in vivo.29,30 

Currently, there are more than a hundred available drugs to treat cancer. The choice 

of one or another to be used in chemotherapy depends on different factors such as the 

type of cancer, the stage, the age and the overall health of patients as well as their ability 

to cope with side effects. In general, specialists combine different drugs to treat patients 

more effectively. In prostate cancer, the most used is docetaxel (Taxoteres®) in 

combination with prednisone, an immunosuppressant drug. This drug, included in 

taxanes drug class, binds the microtubules thereby inhibiting mitosis. Nevertheless, 

although they are widely used, the resistance to taxanes developed by prostate cancer 

patients is a reality.31 Because of this, researchers continue studying new strategies to 

enhance the efficacy of taxane-based treatments32 and, at the same time, developing  non 

taxane-based new drugs.  
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Cisplatin, cis-diamminedichloroplatinum (II), arose as one of the most effective 

chemotherapeutic agents in cancer. Firstly synthesized by Michel Peyrone in 1845, 

cisplatin (CDDP) is called as “penicillin of cancer drugs” and due to its simple structure 

(square planar) (figure 3.12), it is used as the gold standard when new drugs are 

compared. 

 

Figure 3.12. Structure of cisplatin. 

 Since its approbation by FDA in 1978, cisplatin has been used to fight against 

testicular cancer, with successful cure greater than 90 % in early detected tumours, as 

well as, against other types of cancers, including prostate.33 Although its mechanism has 

not yet been fully elucidated, cisplatin is generally believed to kill cancer cells by binding 

to DNA (deoxyribonucleic acid) and interfering with the cell’s repair mechanism (Figure 

3.13).  

 

Figure 3.13. Cisplatin and DNA adducts formation with cisplatin.34 
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Despite all, cisplatin is not exempt from problems. The lack of selectivity, which 

leads to severe side effects and toxicity, and the development of drug resistance by cells 

are limitations associated with this antineoplastic agent.35 In addition, due to reactions 

with proteins in the bloodstream, platinum (II) drugs can get lost before arriving to 

cells.36 Different attempts are emerging in order to mitigate these drawbacks. Among all 

the screening platinum (II) drugs, carboplatin and oxalilplatin are the only ones that have 

world-wide approval besides cisplatin. Other promising derivatives remain under 

investigation or are only approved in some countries (figure 3.14).37 

 

Figure 3.14. Cisplatin and alternative platinum drugs.38 

In pursuit of the ideal drug, the use of more inert platinum (IV) compounds as 

prodrugs are springing up not only to mitigate the cytotoxicity or acquired drug 

resistance, but also to avoid the deactivation in the bloodstream, with hopeful results.39 

The platinum (IV) compounds show lower reactivity than platinum (II) ones. The 

platinum (IV) compounds have an octahedral geometry which includes two extra ligands 

in the axial positions (figure 3.15).     

 

Figure 3.15. Typical structure of Platinum (IV) compounds with X ligands in the axial positions.  
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In addition, due to the aforementioned utility of carbon nanostructures for delivery 

purposes, the uptake and selectivity of cisplatin have been also tried to be improved by 

combining the drug with these nanomaterials. The majority of the studies are related to 

nanotubes, so they will be the first ones to be described.  Taking into account the internal 

space of nanostructures, numerous efforts have been focused on the encapsulation of 

cisplatin. Different examples based on nanotubes are described below, following with the 

ones of nanohorns.   

Initially, the incorporation of cisplatin to single walled carbon nanotubes was 

carried out by Tripisciano et al. by means of oxidizing the nanotubes and, subsequently, 

mixing them with cisplatin in order to obtain exohedral functionalization.40 In a posterior 

study, the same group described the incorporation of cisplatin into SWCNTs after pre-

annealing the oxidized nanotubes (figure 3.16). They analysed the release of the drug in 

vitro using this hybrid and compared the results with free cisplatin. Even though the 

cellular viability was found to correlate with the nanotubes-cisplatin hybrids 

concentration, the effect in cells was not so good as with the free cisplatin, thus 

suggesting deactivation of the drug during the filling process.41 The same study with 

MWCNTs turned out a faster release of cisplatin. The weaker interaction between 

cisplatin and nanotubes made the authors suppose that, in this case, the drug structure 

was preserved.42  

 

Figure 3.16. Scheme of the different cisplatin carbon nanotubes hybrids synthesized by Tripisciano et 

al.40,41: a) exohedral functionalization and b) endohedral functionalization. Modified figure from Fabrro et 

al.5  

 In subsequent studies, researchers have tried to have control over the release of the 

drug by different methods. In this context, the wrapping of the nanotubes with cisplatin 
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inside with polyethylene glycol43 and the capping of the ends with nanoparticles to 

partially block the exit paths of drugs have been proposed (figure 3.17).44  

 

Figure 3.17. New functionalization methodologies to control the release of the drug from cisplatin: a) 

wrapping with polyethylene glycol43 and b) capping with nanoparticles.44  Modified figures from Fabbro et 

al.5c) TEM images of nanotubes with nanoparticles in the tips.44   

Moreover, computational approaches are trying to shed light on this issue in order 

to serve as guidelines for future experimental studies.45–47 In figure 3.18, one of the 

proposed hybrids is shown. 

 

Figure 3.18. Simulation of MWCNTs encapsulating cisplatin capped with magnetic nanoparticles to 

ideally control the release of the drug.45 
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Most recently, with platinum (IV) prodrugs at its peak, the internalisation of one of 

this molecules in multiwalled carbon nanotubes has been also accomplished, observing 

an enhanced accumulation of Pt(IV) sample, named PtBz, in some tissues (e.g. lung) and 

reduced both kidney and liver accumulation.48 The posterior incorporation of a chemo-

potientiator (bromopyruvate) to these nanotubes, together with a fluorescent probe, 

Rhodamine-110 (Rho), achieved superior efficacy of that construction over the free 

prodrug in cancer cells (figure 3.19).49  

 

Figure 3.19. Nanotubes functionalized with Pt(IV) prodrug, Bromopyruvate as chemo-potentiator and 

Rhodamine-110 as fluorescent probe.49 

Together with dexamethasone,8 cisplatin was also one of the first drugs inserted 

into carbon nanohorns.7 The effective incorporation of the drug inside oxidized carbon 

nanohorns using nanoprecipitation was demonstrated by Iijima and co. (figure 3.20). 

However, as it was found in the case of the first study with nanotubes, the anticancer 

activity of the hybrids was smaller than the one of free cisplatin.  
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Figure 3.20. (a, b) HRTEM images and c) Z-Contrast image of oxidized caron nanohorns, 

(d, e) HRTEM images and (f) Z-Contrast image of oxidized caron nanohorns with encapsulated cisplatin. 

In (f) the cisplatin is shown as bright spots.7 

To offer insights into this topic, the same group played with the conditions of the 

nanohorns oxidation process to modify the quantity of cisplatin that could be later 

internalized and, subsequently, released from the nanostructure. They oxidized the 

nanohorns by combusting them by heating in dry air. They applied a slow oxidation 

method (475, 500, 525, 550, 565, and 580 °C at a rise rate of 1 °C/min) and a quick 

oxidation method (at 570-580 °C for 10°C/min). After comparing the different 

methodologies, a slow release of the drug from slowly oxidized-carbon nanohorns was 

found. On the path towards the control of the filling, they found cisplatin deposited 

outside the nanohorns. The assumption that the cisplatin deposited outside nanohorns 

was released more quickly than the one enclosed inside, gave reason to hypothesise that 

the encapsulated quantity of cisplatin was higher in the nanohorns oxidized with the 

slowest method than the one got in the obtained with the quickest method.50   

At the same time, they investigated how the functional groups at the hole-edges of 

nanohorns affected the internalisation and release of the drug. To get this, they compared 

oxidized carbon nanohorns (NHox) with hydrogenated oxidized carbon nanohorns (NHh) 

in which the oxygen groups had been removed. After getting the same quantity of 

cisplatin internalized in both kind of nanohorns, a greater release from the NHh than 
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from NHox was observed (figure 3.21 a). It was associated to a plug effect: the cations of 

PBS (phosphate-buffered saline) solution, in which the release experiment were carried 

out, can replace the oxygen groups of the nanohorns, closing more the hole in NHox and 

avoiding the exit of  the drug (figure 3.21 b).51  

 

Figure 3.21. a) Percentage of released ciplatin from CDDP@NHh and CDDP@NHox versus time. 

Substitution of oxygen atoms by sodium atoms in NHh (b) and NHox (c) and the different size of the holes 

after the substitution processes.   

The improvement of the carrier was also tried by incorporating an artificial peptide 

aptamer (NHBP-1) and polyethylene glycol (PEG) to the nanohorns with cisplatin inside 

(figure 3.22). Although the new incorporations improved their solubility, the 

enhancement of the anticancer activity comparing to free cisplatin was not achieved.52  
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Figure 3.22. Schematic representation of CDDP@oxSWNHs/20PEG–NHBP.52 

Finally, after all these efforts, a good compromise was achieved and cisplatin 

incorporated inside carbon nanohorns was newly tested as anticancer agent. In vitro 

studies showed this time higher anticancer effect of the new complex on tumours of mice 

than the intact CDDP.53   

Most recently, the incorporation of cisplatin into nanohorns was also studied using 

density functional theory (DFT), observing the stable formation of inclusion complexes 

between both species.54   

With all this background, there is no doubt that carbon nanohorns and nanotubes 

are able to encapsulate drugs and to deliver them in cells, acting as anticancer agents. 

Even so, the exhaustive analysis of the experiments exposed so far reveals certain lack of 

real control over the uptake and release processes. 

As the covalent functionalization is assumed to generate more stable conjugates 

between nanostructures and other moieties, this methodology has been also explored in 

order to get the proper management of the drug quantities to be incorporated and 

released. As previously, examples of carbon nanohorns and nanotubes will be described. 

 For example, the antitumor agent 10-hydroxycamptothecin (HCPT) has been 

covalently incorporated to amino-functionalized multiwalled carbon nanotubes, 

previously obtained by oxidation and amidation. A comparative study with clinical 

HCPT showed superior antitumor activity of the nanotubes complex, both in vitro and in 

vivo. 55 
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In the case of platinum drugs, the union to the nanotubes using its axial positions is 

postulated as one of the best options. In this way, the cisplatin is incorporated in a 

prodrug Pt (IV) form, avoiding the deactivation mechanisms of Pt (II) during the 

transport processes. In addition, the possibility of previously modifying the prodrug 

allows the improvement of the system. This has been utilized by Dhar et al.56 to build a 

cisplatin carrier directed to cells overexpressing folate receptors (figure 3.23). The 

prodrug from this hybrid can be released inside the cells due to the reduction of Pt (IV) 

caused by low-pH environment of tumours and endosomes. This assumption  of the pH-

dependent release agrees with other study where a similar prodrug was attached by non-

covalent interaction.57 

 

Figure 3.22. Specific cisplatin carrier to cells overexpressing folate receptors synthesized by Dhar et al..56 

What is more, the conjugation of different kinds of covalent functionalization has 

been used to build multifunctional systems.58 The following figure 3.23 shows a hybrid 

with cisplatin, quantum dots and epidermal growth factor (EGF).  The bioconjugates 

efficiently targeted squamous cancer cells that overexpress EGF receptors, as 

demonstrating by imaging the quantum dots, and they achieved the killing of the cells. In 
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this study, the use of a Pt (II) molecule should be pointed out as it can leads the loss of 

activity.   

 

Figure 3.23. Multiple functionalization of nanotubes with cisplatin, EGR and quantum dots.58 

To the best of our knowledge, there is only one study in which cisplatin is 

covalently attached to nanohorns.59 In this work, researchers tried to improve cisplatin 

efficacy via hyperthermia treatment using carbon nanohorns. They incorporated cisplatin 

to nanohorns using two different methodologies: covalent attaching or internalization 

(Figure 3.24). Afterwards, they compared the killing activity of the nanohorns hybrids 

with the effect of free cisplatin. Unfortunately, unlike free cisplatin, non-enhancement of 

the cytotoxicity after heating was observed with the nanohorns. In addition, no 

differences in behaviour were noticed between both nanohorns hybrids, which suggest 

that the Pt (II) drug is release prior to uptake by the tumour cells. Thus, measures should 

to be taken in future experiments in order to ensure the proper bioavailability of the drug 

inside cells.   
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Figure 3.24. Depiction of different cisplatin-carbon nanohorns hybrids.59 
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2. Aim of the work 

According to the excellent properties of carbon nanohorns for carrying many 

molecules grafted on their sidewall and for being internalized inside cells, they have 

emerged as excellent candidates to act as delivery systems. Moreover, their feasible 

orthogonal multi-funtionalisation allows the incorporation of different moieties together.  

These characteristic might be interesting to target molecules to tumor cells, engineering 

the drug delivery system, with a specific recognition site and an anticancer drug. In this 

way, the objective of this project is the design of new systems where an antineoplastic 

agent is linked to CNHs, which act as vectors; bearing at the same time a targeting 

antibody (figure 3.25). The purpose of this hybrid is the selective transport of drugs 

towards cancer cells.  

  

Figure 3.25. Scheme of final objective. 

A multi-functional system will be designed in order to overcome the limitations 

associated with previous studies on this topic. The measures to be taken are shown 

below:   

1) Nanohorns will be used as vectors. They have homogeneous size 

and spherical shape to facilitate the internalization of the system into the cells. 

Moreover, they do not show cytotoxicity caused by metal nanoparticles 

2) The antibody to be attached will be D2B. This antibody is specific 

for prostate-specific membrane antigen (PSMA), a protein overexpressed in 
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prostate cancer cells. It recognises extracellular domains of the antigen, which 

allows the targeting of living and death cells. 

3) The drug to be attached will be cisplatin in a prodrug Pt(IV) form 

so as to avoid deactivation of cisplatin before arriving to cells.  

4) Covalent approaches will be used to attach the bioactive molecules 

onto nanohorns to provide the system with sufficient stability against 

undesirable displacements.  

Other derivatives will be synthesized together with our hybrid Ab-CNH-drug in 

order to have a comparative analysis of their behaviour in cells. These are: carbon 

nanohorns functionalized without antibody and without drug, carbon nanohorns 

functionalized only with drug, and carbon nanohorns functionalized only with antibody. 

In figure 3.26 a scheme of all hybrids can be observed.  It is important to notice that, 

from now on, dahlia nanohorns will be represented as an individual tube with the 

intention of clarifying the schemes. 

 

Figure 3.26. Schematic design of new derivatives to be synthesized. 

Antibody funcionalized CNHs  Antibody-Drug 
functionalized CNHs 

 

 

Drug funcionalized CNHs    Funcionalized CNHs 
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All the complexes will be characterized using various techniques, such as UV-Vis-

NIR spectroscopy, transmission electron microscopy (TEM) and thermogravimetric 

analysis (TGA), and finally, they will be tested at biological level in order to confirm 

their selectivity and activity towards cancer cells.   
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3. Results and Discussion 

3.1. Synthesis of starting materials 

To get the double functionalization of carbon nanohorns via a 1,3-dipolar 

cycloaddition and a radical addition of anilines, the organic compounds 8 and 15, 

respectively, were chosen. In this way, we had two different protected groups that can be 

selectively deprotected and long chains that could afford solubility.  

The synthesis of the α-amino acid 8 was carried out according to literature60 and it 

is shown in figure 3.27.  

 

Figure 3.27. Scheme of the complete synthesis of amino acid 8. 

To get amino acid 8, we started with was a drop by drop addition of a di-tert-butyl 

dicarbonate solution in tetrahydrofuran (THF) to a solution of the amine 1 in the same 

solvent in proportion 3/1. The mono-protected amine 2 was isolated from the crude in 53 

% yield. Then, mono-methyl phtalate 3 was coupled to the amine 2 through an activate 

reaction with (Benzotriazol-1-yloxy)tris(dimethylamino)phosphoniumhexafluoro 

phosphate (BOP).  N,N-Diisopropylethylamine (DIEA) was added to ensure the 

deprotonated amine. After isolating compound 4, trifluoroacetic acid in dichloro methane 
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was added to remove its boc-protector group. The salt 5 was obtained after precipitating 

in 83 % yield. In the next step, a solution of bencyl bromoacetate 6 in THF was added 

drop by drop at 0ºC over compound 5 and compound 7 was isolated in 37 % yield. 

Finally, compound 8 was obtained in 70 % yield by catalytic hydrogenation of 7. 

The synthesis of the aniline was also carried out following the procedure shown in 

literature 61–63 (figure 3.28). 

 

Figure 3.28. Scheme of the complete synthesis of aniline 15. 

The synthesis of aniline 15 started with a first protection of 6-aminohexanol 9 with 

di-tert-butyl dicarbonate by its addition drop by drop at 0ºC. Boc-protected compound 10 

was obtained after purification by column in 79 % yield. In a second step, the addition of 

4-toluenesulfonyl chloride 11 to the alcohol 10 in basic medium produced the 

toluenesulfonate ester 12 in 82 % yield. Then, the substitution of the tosil group in 12 by 

p-nitrophenol in presence of K2CO3 was carried out. From this reaction, compound 14 

was isolated in 96 % yield. In the last stage, the reduction of 14 with hydrazine 

monohidrate and Pd/C as catalyst yielded the aniline 15 (70 %) yield.   
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The Pt (IV) prodrug 19 was synthesized following the previously described 

procedure (figure 3.29).57 Cisplatin was firstly oxidized in ethanolic hydrogen peroxide 

under nitrogen affording 17 in 98 % yield. In the next reaction under nitrogen, the 

hydroxide of the complex reacted with succinic anhydride producing the cisplatin 

derivative 19 in 35 % yield, capable of being attached to an amine-functionalized CNH 

through the carboxyl group. This prodrug 19 is able to release the toxic molecule 

cisplatin upon intracellular reduction caused by the acidic pH.  

 

Figure 3.29. Synthesis of prodrug 19. 

3.2. Synthesis and characterisation of carbon nanohorns derivatives.  

As a first approach, the synthesis of the antibody-functionalized CNHs was 

addressed (figure 3.30). Antibody-CNTs derivatives have demonstrated to bind specific 

antigens of cancer cells in a selective way, but only a covalent bond can provide a 

chemically stable conjugate and prevent the premature release of the Ab due to the 

adsorption of other biological molecules onto the nanotube surface.22 We used this 

approximation to build similar hybrids with carbon nanohorns.  

 

Figure 3.30. Antibody-functionalized CNHs. 

Firstly, we carried out a 1,3-dipolar cycloadition on the pristine carbon nanohorns 

(p-CNH) using the phtalimide-protected amino acid 8 and the aldehyde 20 under 
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microwave irradiation.63 Then, a basic medium (hydrazine in dichloromethane) was 

applied to deprotect the necessary amine groups for the next step (figure 3.31). The 

thermogravimetric analysis of the sample f2-CNH showed a weight loss of 15 % at 600 

degree under N2 (figure 3.35) corresponding to 484 μmol of functional group per gram of 

carbon nanohorns and it was consistent with the positive Kaiser test (121 μmol of 

amines/g CNH), which determines the free amine groups in organic compounds.64 The 

low value of the Kaiser tests in comparison with the TGA data is attributed to the low 

solubility of the carbon nanostructures which prevents the perception of all the amino 

compounds by UV-Vis-NIR spectroscopy.  
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Figure 3.31. Synthesis of derivatives f1-CNH and f2-CNH. 

The posterior reaction of f2-CNH with 6-maleimidohexanoic acid N-

hydroxysuccinimide ester 21 yielded the f3-CNH intermediate (18 % weight loss, N2, 

600 ºC in figure 3.35, corresponding to 336 μmol of functional group per gram of carbon 

nanohorns and negative Kaiser Test). This hybrid incorporates a maleimide group for the 

next union of sulfhydryl groups of the antibody (figure 3.32).  
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Figure 3.32. Synthesis of derivative f3-CNH. 

The chosen methodology to attach the antibody to the nanohorns is an addition of 

thiols on the previously inserted maleimide chains. In our antibody, all the cysteine 

amino acid residues are involved in disulphide bonds to form its quaternary structure. 

Consequently, a modification was necessary in order to increment the number of 

accessible thiol groups. To get this,  reaction with 2-iminothiolane 22 (Traut’s reagent) 

was performed (figure 3.33).65 After finishing the reaction, the quantity of thiols were 

determined by Ellman’s assay 66 showing one thiol group per antibody.  

 

 

Figure 3.33. Modification of antibody by reaction with 2-iminothiolane. 

In the last stage, the thiolated Ab was attached to the maleimido groups by reaction 

in PBS-EDTA (4 μM) at pH = 6.6, during 60 hours (figure 3.34). Reaction was carried 

out at this pH to avoid hydrolysis of the maleimido group22 and regeneration of 2-

iminothiolane.67 The success of the addition was demonstrated by the absence of free 

thiol groups in the crude of reaction by Ellman’s test. After cleaning with PBS-EDTA (4 

μM), f4-CNH was analyzed by thermogravimetric analysis, observing a weight loss of 

34% at 600 ºC under N2 (figure 3.35), corresponding to 1.06 μmol of antibody per gram 

of carbon nanohorns. 
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Figure 3.34. Synthesis of derivative f4-CNH.  

 The thermogravimetric analyses of all the hybrids are shown in figure 3.35. As 

expected, an increase in the weight loss was observed as the functional group grows in 

every hybrid, from the pristine material p-CNH (black line) to derivate f4-CNH (blue 

line). In addition, a summary of the data can be observed in table 3.1. 
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Figure 3.35. Thermogravimetric analyses of samples f2-CNH, f3-CNH and f4-CNH versus p-CNH. 
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SAMPLE 

TGA, N2, 

Weight loss at 

600ºC 

µmol 

F.G./gCNHs 

(TGA) 

µmol amino 

group/gCNHs 

Kaiser Test 

f2-CNH 15 % 484 121 

f3-CNH 18 % 336 7 

f4-CNH 34 1.06a --- 

Table 3.1. Functionalization data based on TGA results and Kaiser test. aµmol of antibodies per 

gram of carbon nanohorns 

Once the synthesis of the Ab-CNH f4-CNH was achieved, the synthesis of the 

hybrid Ab-CNH-drug f11-CNH was carried out. The derivative without antibody and 

without drug (f7-CNH) and the one with drug but without antibody (f10-CNH) (figure 

3.36) were synthesized throughout the same synthetic route; therefore the preparation of 

all hybrids will be explained together.    
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Figure 3.36. a) Functionalized CNHs (f7-CNH), b) Drug functionalized CNHs (f10-CNH) and c) 

Antibody-Drug functionalized CNHs (f11-CNH). 

In a first step, starting from the derivative functionalized by 1,3-dipolar 

cycloaddition f1-CNH, a new chain with an orthogonal protective group 15 was 

introduced in nanohorns following the same procedure previously described by our 

group.63 The yielded hybrid f5-CNH possesses two different protected focal points which 

allow the incorporation of diverse molecules (figure 3.37). Based on TGA analysis 

(figure 3.40, table 3.2) we introduced 308 µmol of boc-protected functional group per 

gram of carbon nanohorns in the arene radical addition on the nanohorns previously 

functionalized with ftalimide-protected functional group. This implies the introduction of 

1 boc-protected functional group every approximately 190 carbon atoms, value that agree 

with the previously reported ones.63 These data were calculated from the difference 

between the total weight loss in TGA and the weight loss after the 1,3-dipolar 

cycloaddition.  
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Figure 3.37. Synthesis of derivative f5-CNH. 

Afterwards, a selective deprotection of Boc-Protected amines in acid media was 

carried out yielding the derivative f6-CNH (figure 3.38). The Kaiser test yielded 100 

µmol of free amines per gram of carbon nanohorns and the TGA 319 µmol of functional 

group per gram of carbon nanohorns. This TGA result was calculated according to the 

removed organic material: the difference between the weight loss of the protected 

derivative and the deprotected one.  

 

Figure 3.38. Synthesis of derivative f6-CNH. 

The posterior deprotection of these nanohorns in basic medium turned out f7-CNH 

(figure 3.39) with 139 µmol of total free amines per gram of carbon nanohorns according 

to the Kaiser test. The TGA analysis yielded the release of 257 amines. This derivative 

f7-CNH has enhanced solubility in comparison with pristine carbon nanohorns and will 

serve as a blank in the biological experiments. 
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Figure 3.39. Synthesis of derivative f7-CNH. 

The thermogravimetric analyses of the previous derivatives are shown in figure 

3.40. After an increase in the weight loss of the derivative f5-CNH (line green), a 

decrease in weight loss was observed for the deprotected derivatives f6-CNH and f7-

CNH (blue and red lines) as we removed organic material in every step. 
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Figure 3.40. Thermogravimetric analyses of f5-CNH, f6-CNH and f7-CNH versus p-CNH.  

A summary of the characterisation by TGA and Kaiser test can be observed in table 

3.2.  
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SAMPLE 

TGA, N2, 

Weight loss at 

600ºC 

µmol F.G./gCNHs 

(TGA) 

(1,3-dipolar 

cycloaddition) 

µmol 

F.G./gCNHs 

(TGA) 

(Radical adition) 

µmol amino 

group/gCNHs 

Kaiser Test 

f5-CNH 23  % 319 308 --- 

f6-CNH 20 % 204 319 100 

f7-CNH 16 % 204 257 139 

Table 3.2.  Functionalization data based on TGA results and Kaiser Test.  

  Continuing with the preparation of the carbon nanohorns derivatives, 6-

maleimidohexanoic acid N-hydroxysuccinimide ester was added to f6-CNH to get the 

focal point for the posterior union of the antibody in f8-CNH (figure 3.41).  

 

 

Figure 3.41. Synthesis of derivative f8-CNH. 

 

Then, phtalimide was selectively eliminated from f8-CNH by reaction in basic 

medium (figure 3.42), yielding the necessary intermediate f9-CNH to attach the prodrug 

19. The TGA and Kaiser Test results of f8-CNH and f9-CNH are summarized in table 

3.3. In this case, TGA and Kaiser test data agree probably as a consequence of the 

increased solubility of these materials.   
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Figure 3.42. Synthesis of derivative f9-CNH. 

SAMPLE 

TGA, N2, 

Weight loss at 600ºC 

µmol F.G./gCNHs 

(TGA) 

µmol amino group/gCNHs 

Kaiser Test 

f8-CNH 23 % 194a 5 

f9-CNH 22 % 110b 118 

Table 3.3. Functionalization data based on TGA results and qualitative Kaiser Test. a) chains of maleimide 

group and b) free amines from phtalimide-protected groups. 

 Prodrug (19) was finally attached to f9-CNH yielding the derivative f10-CNH 

(figure 3.43). This reaction was carried out in absence of light in order to avoid 

undesirable reactions of the prodrug.  

 

Figure 3.43. Synthesis of derivative f10-CNH. 

Derivatives f9-CNH and f10-CNH were analysed by TGA under air (figure 3.44). 

With this method the quantity of metal in the sample can be observed after a complete 
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oxidation. In this way, the introduction of 44 micromols of drug per gram of carbon 

nanohorns in f10-CNH was calculated from the TGA.  
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Figure 3.44. Thermogravimetric analysis under air of f9-CNH and f10-CNH. The inset shows the 

enlargement of the TGA in the point of finished oxidation. The increment in the quantity of residue is due 

to the presence of platinum in sample f10-CNH. 

Further proof of the incorporation of the platinum compound in the nanohorns was 

achieved by the analysis of the derivative f10-CNH using X-ray photoelectron 

spectroscopy (XPS). This is a semi-quantitative technique that provides information 

about the elemental composition of the sample as well as about the existent type of 

bonds.68 The Pt4f spectrum of f10-CNH satisfactorily fitted with two doublets in which 

the most intense peak of everyone (Pt4f7/2) appeared at 73.3 and 74.7 eV, demonstrating 

the presence of platinum in the sample. An energy of 73.5 eV has been previously 

assigned to the Pt4f7/2 component of Pt4f in pure PtCl2 in which Pt is in its Pt (II) form  

and energies between 74.6 and 75 eV have been assigned to PtO2 and H2PtCl6 

compounds in which Pt is in its Pt(IV) form.69 On the other hand, the presence of peaks 

associated to Pt (II) compounds in the spectra of Pt(IV) compounds was also expected as 

it has been previously reported that the exposure of  Pt (IV) complexes to X-ray radiation 

using MgKα irradiation (the one uses in our experiment) causes a reduction of Pt (IV) 

into Pt (II).70  
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In the last stage, the thiolated Ab previously synthesized was attached to the 

maleimido groups by reaction in PBS-EDTA (4 μM) during 60 hours (figure 3.45) 

yielding the derivative f11-CNH. The pH of the reaction medium was 6.6 as in the 

previous synthesis of f4-CNH.  In the same way, the success of the addition was 

demonstrated by the absence of free thiol groups in the crude of reaction by Ellman’s 

test. 
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Figure 3.45. Synthesis of derivative f11-CNH. 

 After cleaning by filtration, f11-CNH was analyzed by thermogravimetric analysis 

in N2, observing a weight loss of 44% at 600 ºC under N2, corresponding to 1.47 μmol of 

antibody per gram of carbon nanohorns (figure 3.46).  
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Figure 3.46. Thermogravimentric analysis of f11-CNH versus f10-CNH and p-CNH.  

In addition, f11-CNH derivative was also analysed by XPS. The Pt4f7/2 spectrum 

of this sample also fitted with two doublets at 73.3 and 74.7 eV according to the presence 

of the platinum prodrug. Interestingly, a peak at 164.3 eV in the spectrum indicated the 

presence of S2p nuclei in the sample, which are due to the presence of the antibody 

(figure 3.47).  



Design of multifunctional systems based on carbon nanomaterials  

 

200 

68 72 76 80

 

 

co
u

n
ts

 p
er

 s
ec

o
n

d
 (

au
)

BE (eV)

160 164 168

 

 

co
u

n
ts

 p
er

 s
ec

o
n

d
 (

au
)

BE (eV)

  
Figure 3.47. Pt4f7/2 and S2p XPS spectra of f11-CNH. 

 To complete the characterization, all the interesting derivatives were analysed by 

transmission electron microscopy observing no changes in the spherical morphology of 

carbon nanohorns after functionalization, as well as an improvement in the dispersion 

with the increasing degree of functionalization (figure 3.48).  
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Figure 3.48. TEM images of p-CNH (a), f4-CNH (b), f7-CNH (c), f10-CNH (d) and f11-CNH in H2O 

solution (e) and PBS solution (f) 

As an overview, the presence of cisplatin and antibody in the biologically 

important compounds is summarized in table 3.4.  
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SAMPLE µmol antibody / g. CNHs µmol cisplatin / g. CNHs 

   f4-C NH 1.06 n/a 

           f7-CNH n/a n/a 

         f10-CNH n/a 44 

f11-CNH 1.47 44 

Table 3.4. Amounts of antibody or cisplatin per gram of CNH in each significant sample. n/a 

indicates there is not drug or antibody in the hybrid. 
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3.3. Biological applications 

As previously commented, the main objective of this work is to selectively target 

drugs towards cancer cells. So to investigate how our hybrids could get this goal, 

complexes f4-CNHs, f7-CNH, f10-CNH and f11-CNH were analysed at biological 

level. In this way, different techniques were carried out in order to check the binding 

specificity, the uptake and the cytotoxicity of these different nanosystems. The presence 

of the D2B antibody in the surface of the different hybrids was analysed to confirm their 

correct functionalization.  

3.2.1. Flow cytometry of the CNHs to investigate the presence of D2B antibody 

on their surface 

Flow cytometry can be used to analyze the interaction between cells and 

nanostructures (i.e. binding and uptake) and also to check if the antibody is linked to the 

CNHs surface. In a first step, we checked if the antibody is linked to CNHs surface. To 

demonstrate that, the antibody bound to the nanosystems was detected using the reagents 

GAM-FITC (Goat-Anti-Mouse antibody FITC labelled) which is able to bind to the 

murine D2B antibody. A negative control was carried out with a mouse IgG1-FITC 

labeled, which is not able to bind to D2B antibody. To get the analysis, f4-CNH carbon 

nanohorns were incubated with GAM-FITC reagent (diluted 1:200) for 1 hour at 4ºC in 

PBS plus BSA 0.2%. CNHs were washed with cold PBS and the bound fluorescence was 

analyzed on a BD FACSCanto II apparatus. In figure 3.49 the histograms of different 

samples are shown: a) PBS buffer alone, b) PBS buffer plus f4-CNH, c) f4-CNH 

incubated with the IgG1-FITC antibody (negative control) and d) f4-CNH stained with 

GAM-FITC reagent. The FITC fluorescence signal observed with f4-CNH in 3.49 (d) 

demonstrated the presence of the antibody on the CNHs surface. No FITC fluorescence 

signal was observed with the negative control antibody (IgG1-FITC) (figure 3.49 c).  
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Figure 3.49. Flow cytometry analysis of f4-CNH: a) PBS alone, b) PBS plus f4-CNH, c) f4-CNH 

incubated with IgG1-FITC and d) f4-CNH stained with GAM-FITC. 

The same experiments were then carried out with f11-CNH to ensure that this 

hybrid was also linked to the anti-PSMA antibody D2B. Similar results to the ones of f4-

CNH were observed (figure 3.50), demonstrating the presence of the antibody on the 

CNHs surface. 
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Figure 3.50. Flow cytometry analysis of f11-CNH: a) PBS alone, b) PBS plus f11-CNH, c) f11-CNH 

incubated with IgG1-FITC and d) f11-CNH stained with GAM-FITC. 

The above mentioned data were confirmed by the flow cytometry analysis 

performed on the f7-CNH hybrid, which has no antibody in its structure. No significant 

FITC fluorescence signal was observed in the same experiment performed on f7-CNH 

hybrid (figure 3.51). As we can appreciate, the fluorescence signal obtained on the f7-

CNH incubated with the negative control IgG1-FITC is superimposable to the signal 

measured staining f7-CNH with GAM-FITC reagent. So there is not D2B antibody 

bound to the carbon nanohorns surface. 
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Figure 3.51. Flow cytometry analysis of f7-CNH: a) PBS alone, b) PBS plus f7-CNH c) f7-CNH 

incubated with IgG1-FITC and d) f7-CNH stained with GAM-FITC. 

3.3.2. Binding to cells  

3.3.2.1. Raman spectroscopy and optical imaging 

The strong intensity of the RAMAN signal from carbon nanostructures is a useful 

tool to identify them in cells19 and tissues.71 Moreover, Raman technique has the 

advantages of being a non-destructive technique and it does not need external contrast-

enhancing agents. Taking this into account, the ability of carbon nanohorns hybrids to 

bind to different cancerous cells was analysed by RAMAN spectroscopy in collaboration 

with Professor Moreno Meneghetti, from the University of Padova. 

Carbon nanohorns can be identified by Raman spectroscopy due to the presence of 

two bands at around 1300 and 1600 cm-1; furthermore their strong absorption makes it 

possible to identify them also with optical images. Thus, in a first step, PC3-PSMA 

prostate cancer cells (i.e. transfected to express the PSMA antigen) and A431 cells 

(PSMA-) were incubated with different amounts (62.5 µg/ml and 7.81 µg/ml) of f4-CNH 

solution at 37 ºC for 3 hours and then, after washing and fixating with 2% 

paraformaldehyde, Raman spectra were registered at single-cell level. Firstly, the spectra 
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of PC3-PSMA cells alone were recorder and, clearly, they did not show the typical 

carbon nanohorns RAMAN signature (figure 3.52 (a)). In figure 3.52 (b), active targeting 

of PC3-PSMA cells using the lowest concentration of f4-CHN solution (concentration of 

7.81 µg/ml) was observed, and this specific recognition was more evident with the higher 

concentration (figure 3.52 (c)). On the other hand, in figure 3.52 (d) a specific interaction 

is almost absent in A431 treated with f4-CNH solution at a concentration of 62.5 µg/ml.  
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Figure 3.52. Optical images and Raman spectra at 633 nm of PC3-PSMA cells alone (a), PC3-

PSMA cells incubated with f4-CNH solution at 7.81 µg/ml PC3-PSMA (b), cells incubated with  f4-CNH 

solution at 62.5 µg/ml (c) A431 cells incubated with f4-CNH solution at 62.5 µg/ml (d). 

Once it was demonstrated the ability of f4-CNH (with conjugated antibody) to 

selectively bind PSMA+ cancer cells, the next step was to analyse the binding capability 

of f11-CNH (conjugated to the antibody and drug loaded) and its comparison with the 
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non-selective hybrid f7-CNH (neither antibody conjugated nor drug loaded). Firstly, 

LNCaP and PC-3 PIP cells, both PSMA+, were treated with f11-CNH solution at 125 

µg/ml for one and three hours. A high number of bound carbon nanohorns f11-CNH 

were observed in the optical images of both LNCaP and PC-3 PIP cells at the different 

times (black spots in figure 3.53). Raman spectroscopy collected at single-cell level from 

randomly selected cells showed the characteristic Raman signature of carbon nanohorns 

(figure 3.54) demonstrated the presence of the nanostructures and, therefore, the binding 

to these antigen positive cells.   

 

Figure 3.53. Optical images of cells incubated with f11-CNH: a) 1h of incubation on LNCaP cells, b) 3h 

of incubation on LNCaP cells, c) 1h of incubation on PC-3 PIP cells and d) 3h of incubation on PC-3 PIP 

cells (all used cells were PSMA antigen positive).  
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Figure 3.54. A typical Raman spectrum of carbon nanohorns at 633 nm acquired on PSMA positive cells 

incubated with f11-CNH. 

Afterwards, LNCaP and PC-3 PIP cells were incubated with f7-CNH solution at 

125 µg/ml for 3 hours at 37 ºC. As it is shown in the optical images (figure 3.55), the 

ability of these hybrids to interact with PSMA negative cells was smaller than the one of 

f11-CNH (few black spots observed in f7-CNH incubated cells). Even so, some carbon 

nanohorns were observed accordingly to the RAMAN signals (high intensity of D band 

at 1320 cm-1). According to these results, f11-CNH hybrid binds better to PSMA+ cells 

than f7-CNH.  This fact can be associated to the presence on f11-CNH surface of the 

antibody recognizing selectively the PSMA+ cells.  

 

Figure 3.55. Optical images of LNCaP and PC3-PIP cells incubated with f7-CNH for 3 hours at 37 ºC. 
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3.3.2.2. Binding analysis of the different hybrids on PSMA+/- cells by flow 

cytometry 

In a subsequent series of experiment, the binding of f11-CNH and f7-CNH was 

analysed by flow cytometry on both PC-3 PIP (PSMA+) and PC-3 wild type, WT, 

(PSMA–) cells at different CNHs concentrations (figure 3.56). In these assays to show 

the binding (i.e. at +4°C) of the CNHs on the PSMA+/- cells we used GAM-FITC 

reagent. With this protocol we stained the antibody that is directly linked to the CNHs 

surface as above demonstrated. To be sure that the positive signals observed in the flow 

cytometry analysis were not due to the presence of free D2B antibody in the f11-CNH 

batch, we also analysed a sample that was centrifuged before the analysis to change the 

buffer and eliminate free D2B antibody, if present (see the green triangle in figure 3.56). 

As expected, f11-CNH derivative showed positive FITC signal, while f7-CNH hybrid 

showed no signal on PSMA+ cells, since f7-CNH does not have D2B antibody on its 

surface to bind PSMA antigens. In figure 3.57, non-fluorescence signal is observed 

neither for f11-CNH nor f7-CNH derivatives. There is no binding on PSMA- cells since 

there are not PSMA antigens on PC-3 WT cells surface. 
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Figure 3.56. Flow cytometry analysis of PC-3 PIP (PSMA+) cells incubated at +4°C with increasing 

concentrations of f7-CNH and f11-CNH.  
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Figure 3.57. Flow cytometry analysis of PC-3 WT (PSMA-) cells incubated at +4°C with increasing 

concentrations of f7-CNH and f11-CNH.  

In separate experiments, the binding saturation curve of f11-CNH on PC3-PIP 

(PSMA+) cells was investigated. Cells were incubated at +4°C with different 

concentrations of f11-CNH, ranging from 10 µg/ml to 250 µg/ml, and then stained with 

GAM-FITC reagent. Figure 3.58 shows an increasing binding on PSMA+ cells when they 

are incubated with increasing concentrations of the f11-CNH hybrid. The PSMA antigen 

saturation was reached at a concentration of about 100 µg/ml of the carbon nanohorns 

sample. 
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Figure 3.58. Saturation binding curve of f11-CNH at +4°C on PC-3 PIP (PSMA+) cells.  

Additionally, the binding specificity of the hybrids f11-CNH on the PSMA+ cells 

was investigated. The same number of PC3-PIP (PSMA+) cells, 200.000 cell tube, were 

co-incubated with different derivative concentrations, ranging from 0 µg/ml to 250 

µg/ml, and 1 µg of free D2B-biotin antibody for 1h at 4°C, then they were washed twice 

with PBS buffer and incubated with streptavidin-RPE (Streptavidin labeled with R-

Phycoerythrin) for FACS analysis for 30 min at +4°C. The scheme of the experiment is 

showed in figure 3.59.  
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Figure 3.59. Binding specificity experiment. After pre-incubation of PSMA+ cells with f11-CNH and 

D2B-biotin and posterior incubation with Streptavidin-RPB, the cells show fluorescence due to the 

complex biotin-streptavidin-RPB. Increasing concentrations of f11-CNH can block the position of PSMA+ 

antigen to D2B-biotin, thus avoiding the union of streptavidin-RBB and diminishing the fluorescence of 

cells.  

In figure 3.60, the fluorescence of the cells stained with streptavindin-RPE-D2B-

biotin complex versus the concentration of carbon nanohorns is shown. We can 

appreciate that when we increased the concentration of the f11-CNH hybrid we had a 

reduction of the staining obtained by the D2B-biotin antibody and streptavidin-RPE in 

cells. 
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Figure 3.60. Specificity of f11-CNH hybrid binding on PC-3 PIP cells (PSMA+). Competition with the 

free D2B-biotin antibody for the binding on the antigen expressing cells. 

3.3.3. Uptake analysis of the different hybrids into PSMA+/- cells by flow 

cytometry. 

The binding of the hybrids to the cells is not enough if the killing activity needs to 

be achieved. Their entrance into the cells is mandatory, and, overcoming the cellular 

membrane is actually one the main task of the carbon nanostructure in the complexes. In 

order to show that the uptake of f11-CNH into cells was achieved and not only the 

binding to the cell surface, new flow cytometry analyses were carried out in 

permeabilized and intact cells. PC-3 PIP, LNCaP (both PSMA+) and PC-3 WT (PSMA-) 

cells were incubated (i.e. the cells are plated on culture well plates) with two 

concentrations of f11-CNH for 1h 30 min at 37°C. Then, they were washed with PBS 

buffer and detached with trypsin. For each experimental point a portion of the total cells 

was permeabilized with a solution of 70% methanol for 1h in ice and then incubated with 

GAM-FITC for FACS analysis. The residual cells were not permeabilized but only 

incubated with GAM-FITC. The binding signal is given by carbon nanohorns bound to 

PSMA antigen on the no permeabilized cells (i.e. surface signal alone). The uptake signal 

is obtained from the permeabilized cells where we have the addition of the signal due to 

the carbon nanohorns internalised into cells and the signal due to carbon nanohorns 
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bound to cell surface. As expected, FACS analysis showed a significant uptake and 

binding of f11-CNH in both PSMA+ cells, PC-3 PIP and LNCaP (figure 3.61 and 3.62), 

while there was no internalization and no binding on PC-3 WT, PSMA- cells (figure 

3.63). In addition, the FITC signal on permeabilized cells was remarkable higher than the 

signal on non-permeabilized ones. Therefore, a significant number of carbon nanohorns 

did not only bind to the cell surface but were also internalized into the cells.  
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Figure 3.61. Uptake and Binding at 37°C of f11-CNH on PC-3 PIP (PSMA+) cells. 
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Figure 3.62. Uptake and Binding at 37°C of f11-CNH on LNCaP (PSMA+) cells. 
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Figure 3.63. Uptake and Binding at 37°C of f11-CNH on PC-3 WT (PSMA-) cells. 
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3.3.4.  In vitro evaluation of the cytotoxic effects. 

The main goal of f11-CNH derivative is to selectively kill PSMA+ cancer cells. In 

order to assess this property, the in vitro cytotoxicity of different carbon nanohorns 

derivatives (f7-CNH, f10-CNH and f11-CNH) was evaluated on LNCaP and PC-3 WT 

cells, PSMA+ and PSMA-, respectively. In previous studies, MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay has been used to evaluate 

the cytotoxicity of carbon nanostructure hybrids in cells.10 This technique is a 

colorimetric assay for assessing cell viability. The experiment is based on the formation 

of colored compounds (formazan dyes) after the reduction of the MTT salt by the 

succinate-dehydrogenase mitochondrial enzyme. The enzyme activity is directly related 

to the cellular viability; therefore, the smaller is the detected levels of formazan, the 

smaller is the cellular viability. Unfortunately, MTT assay may lead to false positive 

results as carbon nanostructures can interact with non-soluble MTT formazan crystal 

after the MTT reduction, interfering in the results. On the contrary, this interaction is 

almost absent in its analogue XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-

tetrazolium-5-carboxanilide) whose reduction products are water-soluble.72 Taking this 

into account, our experiments were carried out with the XTT method. 

After incubating LNCaP and PC-3 WT cells with increasing concentrations of 

nanohorns hybrids solutions at 37°C for 22 hours, XTT (final concentration 200 µg/ml) 

and Phenazine methosulfate, an intermediate electron carrier, (final concentration 5 µM) 

were added to the cells and they were incubated for other 2 hours (i.e. total incubation 

times with the samples 24 hours) at the same temperature. At the end of the experiments, 

the plate was read by a microplate reader spectrometer at 450 nm. The percentage of cell 

viability in the treated samples was calculated considering as 100% of viability the 

staining developed by the control treated cells. 

The viability percentage of LNCaP (PSMA+) (figure 3.64) and PC-3 WT (PSMA–) 

(figure 3.65) cells when incubated with free cisplatin, f10-CNH and f11-CNH is shown 

in the above mentioned pictures as a function of cisplatin concentration. The derivative 

with cisplatin but without antibody f10-CHN was used as control. Reduced similar 
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toxicity on PSMA- cells compared with PSMA+ cells was observed for all the tested 

samples at lower concentrations.  
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Figure 3.64. Percentage of LNCaP (PSMA+) cells viability after incubation with increasing concentrations 

of cisplatin in its different forms: free cisplatin, f10-CNH and f11-CNH.  
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Figure 3.65. Percentage of PC-3 WT (PSMA–) cells viability after incubation with increasing 

concentrations of cisplatin in its different forms: free cisplatin, f10-CNH and f11-CNH.  
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In PSMA+ cells some differences can be observed among the different samples 

according to the half-maximal inhibitory concentration, IC50 (table 3.5).  According to 

the FDA, the IC50 represents the concentration of a drug that is required for 50% 

inhibition of cell viability in “in vitro”  assays. Therefore, the smaller is the IC50 values; 

the better is the killing activity of the drug. Accordingly, f11-CNH showed the best 

efficacy against PSMA+ cells having an IC50 of 0.4 µM. Under the same conditions, the 

IC50 of free cisplatin was around 100 µM, two orders of magnitude less effective. 

Unfortunately, f10-CNH (no targeted nanohorns) showed IC50 of 1.5 µM, which is a 

non-negligible value.   

IC 50  (µM)  PSMA+ Cells 

Free Cisplatin 100 

f10-CNH 1 

f11-CNH 0.4 

Table 3.5. Half-maximal inhibitory concentration (IC50) of free cisplatin, f10-CNH and f11-CNH on 

LNCaP (PSMA+) cells. 

We think that the non-specific toxicity caused by f10-CNH could be ascribed to the 

presence of the CNHs for a long time (24 hours) in a small space with the cells; the 

deposition of the CNHs on the cell membrane could stress the cells activating death 

mechanisms. These results suggested the necessity of increasing the drug cargo in our 

hybrids in order to get a higher concentration of cisplatin with a lower concentration of 

carbon nanohorns derivative.  

However, the most important observation in these experiments is that at a f11-

CNH derivative concentration near to the IC50 value on PSMA+ cells, more than 90 % of 

the PSMA– cells, PC-3 WT cells, were alive (figure 3.66 a). Applying the same data 

analysis on the f10-CNH derivative we did not observe this high difference in cell 

viability (see 60% of cell viability on PC-3 WT, PSMA - cells, figure 3.66 b). According 

to these result, our target hybrid f11-CNH is able to more selectively kill PSMA+ cancer 
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cells in contrast to the cisplatin-functionalized carbon nanohorns without antibody f10-

CNH that does not show any selectivity.   

 

         

Figure 3.66. Percentage of alive PSMA+/- cells after treatment with a) f11-CNH 0,4 µM 

and b) f10-CNH 1 µM ; these concentrations correspond to the IC50 values observed on 

PSMA+ cells for the two derivatives here analysed.  

 

a)         b) 
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4. Experimental section 

4.1. General methods 

Solvents were purchased from SDS and Fluka. Chemicals were purchase from 

Sigma-Aldrich or Across Organics and were used as received without further 

purification. 

Carbon Nanohorns were purchased from Carbonium s.r.l., Padova (Italy) and 

used without purification. 

Antibody D2B was obtained from the Group of Prof. Marco Colombatti.  

Functionalization reactions were carried out in a CEM DISCOVER S-Class 

reactor with an infrared pyrometer, a pressure control system, stirring and an air cooling 

option. Quartz or glass flasks have been used when necessary. 

The Thin Layer chromatography (TLC) was performed in silica gel layers F254 

Merck (thick = 0.2 mm), using a UV lamp at a wavelength of 254 nm to reveal the 

presence of the organic compounds. In case the compounds were not UV active, an 

oxidation process was done using KMnO4, followed by heat. 1H-NMR and 13C-NMR  

spectra were recorded in solvent on a Varian Inova 400 spectrometer operating at 399.78 

MHz for 1H and 100.53 for 13C.  The value of chemical shift (δ) are quoted in parts per 

million (ppm) and the coupling constants (J) in Hertzs (Hz). 

As a mean of sonication a Selecta ultrasonic bath without heating was used. 

For the TEM  analyses a small amount of the nanohorns were suspended in 

methanol and sonicated for 15 minutes. A drop of the suspension was placed on a copper 

grid (3.00 mm, 200 mesh, coated with carbon film). After being dried under high vacuum 

overnight, the sample was investigated by TEM using a Philips EM 208 with an 

accelerating voltage of 100 kV. 
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The thermogravimetric analyses were performed with a TGA Q50 (TA 

instruments) under nitrogen or air atmosphere by equilibrating at 100 ºC followed by a 

ramp of 10 ºC/min up to 1000 ºC.   

UV-Vis-NIR  spectra were recorded in 1 cm quartz cuvettes on a Varian Cary 5000 

(Varian) spectrophotometer.  

X-Ray Photoelectron spectra (XPS) were obtained with a VF Escalab 200R 

spectrometer equipped with a hemispherical electron analyser with a pass energy of 50 

eV and a Mg Kα (hν=1254.6 eV) X-ray source, powered at 120 W. Binding energies 

were calibrated relative to the C1s peak at 284.8 eV. High-resolution spectra envelopes 

were obtained by curve fitting synthetic peak components using the software “XPS 

peak”. Symmetric Gausian-Lorentzian curves were used to approximate the line shapes 

of the fitting components. Atomic ratios were computed from experimental intensity 

ratios and normalized by atomic sensitivity factors.  

4.2. Synthesis of starting materials 

4.2.1. Synthesis of (2-(2-(2-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-ethoxy)-

ethoxy)-ethylamino)-acetic acid (8).60  

• Synthesis of {2-[2-(2-Amino-ethoxy)-ethoxy]-ethyl}-carbamic acid tert-butyl ester 

(2). 

 

A solution of di-tert-butyl dicarbonate (Boc2O) (7 g, 32 mmol) in tetrahydrofuran 

(100 ml) was added to a solution of 2,2’-(ethylene-dioxy)-bis(ethylamine) 1 (15 g, 102 

mmol) in tetrahydrofuran (400 ml), 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 dissolved in ethyl acetate (150 ml), washed with water 

(2×100 ml), dried over magnesium sulphate, and the solvent was then evaporated. The 

unreacted diamine was removed by using flash chromatography in ethyl acetate:hexane 
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8:2 and ethyl acetate:methanol 7:3 afterwards Yield: 4.9 g (53%). 1H-NMR (CDCl3, 

ppm): δ 1.4 (s, 9 H, 3 -CH3), 1.7 (s, 2 H, -NH2), 2.7-3.4 (m, 12 H, -CH2-), 5.1 (s, 1 H, -

NH-). 13C-NMR (CDCl3, ppm): δ 28.3, 40.2, 41.5, 70.0, 73.1, 78.8, 155.9. 

• Synthesis of (2-{2-[2-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-ethoxy]-ethoxy}-

ethyl)-carbamic acid tert-butyl ester (4). 

 

A solution of {2-[2-(2-benzyloxycarbonylamino-ethoxy)-ethoxy]-ethyl}-carbamic 

acid tertbutyl ester 1 and mono-methyl phthalate 3 (2.5 g, 14 mmol) in toluene (70 ml) 

was refluxed using a Dean–Stark apparatus for 16 hours. The solvent was removed under 

reduced pressure, and the residue was dissolved in ethyl acetate (150 ml) and washed 

with sodium carbonate 1N (75 ml), saturated sodium bicarbonate water (75 ml) and water 

(75 ml). The organic phase was dried over magnesium sulphate and the solvent was 

evaporated. The product was obtained as oil and used without further purifications. 

Yield: 3.6 g (69%). 1H-NMR (CDCl3, ppm): δ 1.4 (s, 9 H, 3 -CH3), 3.2-3.9 (m, 12 H, -

CH2-), 5.1 (s, 1 H, -NH-), 7.7 (d, J = 8.5 Hz, 2 H, H o-), 7.8 (d, 2H, J = 8.4 Hz, H o-). 
13C-NMR (CDCl3, ppm): δ 27.3, 36.1, 39.2, 59.0, 66.7, 68.8, 69.0, 77.4, 122.0, 130.9, 

132.9, 154.9, 166.8. 

• Synthesis of 2-{2-[2-(2-Amino-ethoxy)-ethoxy]-ethyl}-isoindole-1,3-dione (5). 

 

A solution of trifluoroacetic acid/dichloromethane (1:1 v/v) was added to the 

derivative 4 (3.6 g, 10 mmol). The reaction mixture was stirred at room temperature for 

30 min. The solvent was removed under reduced pressure and the residue was 

precipitated several times from dichloromethane / diethyl ether. Yield: 2.9 g (83%). 1H-

NMR (CDCl3, ppm): δ 3.2-3.9 (m, 12 H, -CH2-), 7.7 (d, J = 8.4 Hz, 2 H, H o-), 7.8 (d, J 
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= 8.5 Hz, 2 H, H m-). 13C-NMR (CDCl3, ppm): δ 37.3, 39.7, 68.5, 68.2, 69.6, 70.1, 118.6, 

123.4, 131.9, 134.2, 161.9, 168.6. 

• Synthesis of (2-{2-[2-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-ethoxy]-

ethoxy}ethylamino)- acetic acid benzyl ester (7). 

 

Benzylbromoacetate (6) (1.5 ml, 10 mmol) in tetrahydrofuran (30 ml) was added to 

a solution of compound 5 (2.9 g, 12 mmol) and triethylamine (9.8 ml, 60.5 mmol) in 

tetrahydrofuran (40 ml) cooled to 0 °C, dropwise over a period of 1.5 hours. The reaction 

mixture was stirred overnight at room temperature. The solvent was removed under 

reduced pressure, and the residue was dissolved in ethyl acetate (150 ml), washed with 

water (2×100 ml), dried over magnesium sulphate and evaporated. The final product was 

purified by using chromatography in ethyl acetate. Yield: 1.5 g (37%). 1H-NMR (CDCl3, 

ppm): δ 2.1 (s, 1 H, -NH-), 2.7-3.9 (m, 14 H, -CH2-), 4.9 (s, 2 H, CO-CH2-CO), 7.2 (s, 5 

H, HAr), 7.5 (d, J = 8.5 Hz, 2 H, H o-), 7.6 (d, 2H, J = 8.4 Hz, H m-). 13C-NMR (CDCl3, 

ppm): δ 37.1, 48.5, 50.7, 60.1, 67.7, 69.9, 70.1, 70.5, 123.0, 128.1, 128.4, 132.0, 133.8, 

135.7, 167.9, 171.9. 

• Synthesis of (2-{2-[2-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-ethoxy]-ethoxy}-

ethylamino)-acetic acid (8). 

 

50 mg of Pd/C (10%) were added to a solution of compound 7 (3.2 g, 7 mmol) in 

methanol (100 ml), in the presence of H2. The reaction mixture was stirred for 5 hours at 

room temperature. The solution was filtered through a celite pad and the solvent was 

evaporated under reduced pressure. Yield: 2.2 g (70%). 1H-NMR (CD3OD, ppm): δ 3.1 

(s, 1 H, -NH-), 3.2-3.9 (m, 14 H, -CH2-), 7.5 (d, J = 8.5 Hz, 2 H, H o-), 7.7 (d, J = 8.4 Hz, 
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2H, H m-), 10.6 (s, 1 H, -OH). 13C-NMR (CD3OD, ppm): δ 37.0, 46.9, 47.3, 65.6, 67.7, 

69.8, 70.0, 122.8, 131.9, 134.0, 168.4. 

4.2.2. Synthesis of tert-butyl 6-(4-aminophenoxy)hexylcarbamate (15) 

• Synthesis of 6-(tert-butoxycarbonylamino)hexanol (10).61 

 

6-Aminohexanol 9 (5.8 g, 50 mmol) was dissolved in 100 mL of tetrahydrofuran, 

and di-tertbutyl-dicarboxylate (11 g, 50 mmol) in methanol (100 ml) was added. The 

solution was allowed to stir at room temperature for 3 h. The solvent was removed under 

reduced pressure, and the residue was dissolved in ethyl acetate (150 ml), washed with 

water (2×100 ml), dried over magnesium sulphate and evaporated. The final product was 

purified by using cromathography in ethyl acetate. Yield: 8.5 g (79%) 1H-NMR (CDCl3, 

ppm): δ 1.3 (m, 4H, -CH2-), 1.4 (s, 9H, 3 -CH3), 1.5 (q, 2H, J = 7 Hz, -CH2-), 1.6 (q, 2H, 

J = 7 Hz, -CH2-), 2.1 (s, 1H, -OH), 3.1 (c, 2H, J = 7 Hz, -CH2-), 3.6 (t, 2H, J = 7 Hz, -

CH2-), 4.7 (s, 1H, -NH-). 13C-NMR (CDCl3, ppm): δ 25.4, 26.5, 28.6, 30.2, 32.7, 40.5, 

62.7, 79.2, 156.3. 

• Synthesis of 6-(p-Toluenensulfonyloxy)-N-(tert-butoxycarbonylhexylamine) (12).62 

 

A solution of compound 10 (8.5 g, 39 mmol) in dichloromethane (70 ml) was 

added to a solution of p-toluenesulfonyl chloride 11 (8.2 g, 43 mmol) and pyridine (10 

ml, 117 mmol). The mixture was stirred for 20 h at room temperature. The reaction 

mixture was diluted with dichloromethane (40 ml), washed with water (100 ml), 0.5 N 

chloride acid (75 ml) and saturated sodium bicarbonate water (75 ml), dried over 

anhydrous sodium sulfate and evaporated. Yield: (11.9 g, 82%). 1H-NMR (CDCl3, ppm) 

δ: 1.4 (s, 9H, 3 -CH3), 1.2-1.7 (m, 8H, J = 6.5 Hz, (CH2)4-CH2-OTs), 2.4 (s, 3H, Ar-CH3-

), 3.1 (m, 2H, -CH2-Boc), 3.9 (t, J = 6.4 Hz, 2H, TosO-CH2-), 4.6 (s, 1H, NH), 7.2-7.8 (d, 
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J = 8.9 Hz, 4H, HAr). 13C-NMR (CDCl3, ppm) d: 21.5, 22.5, 25.0, 28.3, 29.7, 40.2, 52.2, 

78.9, 127.7, 129.72 133.0, 144.6, 155.9. 

• Synthesis of tert-butyl 6-(4-nitrophenoxy)hexylcarbamate (14).63 

 

Potassium carbonate (13.3 g, 96 mmol) and 4-nitrophenol 13 (4.3 g, 31 mmol) 

were added to an N,N’-dimethylformamide solution of 12 (11.9 g, 32 mmol in 60 ml). 

The solution was stirred at 80 ºC for 16 h. After cooling to room temperature, the 

solution was poured into water (20 ml), extracted several times with ethyl acetate (20 ml) 

and dried over magnesium sulphate. Once filtered, the solvent was removed by 

distillation at reduced pressure. Yield: 10.1 g (96%). 1H-NMR (CDCl3, ppm): δ 1.2–1.6 

(m, 15 H), 1.8-2 (m, 2 H, -CH2-CH2-O), 3-3.2 (m, 2H, NH-CH2-), 4.1 (t, J = 6.6 Hz, 2H, 

-CH2-O-), 4.6 (s, 1H, NH), 6,9 (d, J = 9.5 Hz, 2H, 2x H m-NO2), 8.2 (d, J = 9.2 Hz, 2H, 

2x H o- NO2). 
13C-NMR (CDCl3, ppm): δ 25.9, 26.7, 28.7, 29.1, 30.3, 31.2, 69.0, 114.6, 

126.2, 140.9, 164.4. 

• Synthesis of tert-butyl 6-(4-aminophenoxy)hexylcarbamate (15).63 

 

Hydrazine monohydrate (18.4 ml, 0.6 mol) and a catalytic amount of 10% Pd/C 

were added to an ethanol solution of 14 (10.1 g, 30 mmol in 50 ml). The mixture was 

stirred under reflux for 5 h. The catalyst was removed by filtration through celite, and the 

solvent was evaporated at reduced pressure. Yield: 7.2 g (70%). 1H-NMR (CDCl3, ppm): 

δ 1.2-1.3 (m, 2 H, -CH2-), 1.4–1.5 (m, 13 H), 1.7-1.8 (m, 2 H, -CH2-CH2-O), 3.1-3.3 (m, 

2 H, NH-CH2-), 3.9 (t, J = 6.2 Hz, 2H, -CH2-O-), 4.5 (bs, 1 H, NH ), 6.6 (d, J = 8.8 Hz, 2 

H, 2x H m-NH2), 6.7 (d, J = 9.2 Hz, 2 H, 2x H o-NH2). 
13C-NMR (CDCl3, ppm): δ 25.9, 

26.7, 28.7, 29.1, 30.3, 31.2, 69.0, 115.7, 116.4, 139.9, 152.3. 
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4.2.3. Synthesis of prodrug 19.  

• Synthesis of c,c,t-[Pt(NH3)2Cl2(OH)(OEt)],  17.  

Pt
ClH3N

ClH3N

OEt

OH

17  

In absence of light, cis-[Pt(NH3)Cl2] 16 (0.200 g, 0.67 mmol) was suspended in 

250 mL of absolute ethanol and heated to 70 °C. 0.5 mL of a 50% H2O2 solution was 

added to this suspension with vigorous stirring. After 5 hours at elevated temperature the 

solid dissolved to afford a bright yellow solution. After cooling at room temperature, the 

solution volume was reduced to near dryness on a rotary evaporator and 50 mL of ether 

was added to precipitate the product as a light yellow solid. The solid was collected and 

washed with ice cold ethanol and ether. Yield was 98 % (0.236 g, 0.65 mmol). d6-DMF, 
1H-NMR: δ = 10.44 s, 1H (OH); 6.018 s, br, 6 H (NH3); 3.58 q, 2 H (-CH2-); 1.10 q, 3 

H(-CH3) ppm. Melting point: 172–175 °C. 

• Synthesis of of c,c,t-[Pt(NH3)2Cl2(OEt)(O2CCH2CH2CO2H)], 19. 

 

 

Compound 17 (0.050 g, 0.14 mmol) was dissolved in 2 mL of dry DMF. Succinic 

anhydride 18 (0.021 g, 0.21 mmol) in 1 mL of dry DMF was added to this solution and 

the solution was stirred for four h at 75 °C under nitrogen. The resulting solution was 

dried in vacuum to leave dark yellow oil, which was dissolved in a small amount of 

acetone. Addition of ether precipitated a solid that was collected and dried in vacuum to 

leave the product as a pale yellow powder in 35 % yield (0.023 g, 0.05 mmol). (d6-DMF) 
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1H-NMR: δ = 12.36 m, 1 H (CO2H); 6.14 m, 6 H (NH3); 3.52 s, 2 H (-CH2-); 2.95 s, 2 H 

(-CH2-); 2.78 s, 2H(-CH2-); 1.01 t, 3 H (-CH3) ppm. Melting point (decomposition), 120–

124 °C. 

4.3. Synthesis of carbon nanohorns derivatives.   

• Synthesis of f1-CNH.  

 

 Pristine CNHs (25 mg) were suspended in 5 mL of CH2Cl2 with the 

corresponding aldehyde 20 (110 mg, 0.66 mmol) and the amino acid 8 (211 mg, 0.66 

mmol) in a microwave quartz vessel; after sonication for 5 min, the solvent was 

evaporated with a nitrogen stream, the vessel was closed and introduced into a 

monomode microwave where the mixture was irradiated for 45 minutes at different 

power and temperature.63 After this period of time, the crude was re-suspended in 75 mL 

of CH2Cl2 and sonicated for 5 min. The solution was filtered on a Millipore membrane 

(PTFE, 0.2 μm) and the collected black solid was washed by cycles of sonication and 

filtration using three different mixtures of solvents: (i) 100 mL of methanol/HCl (37%) in 

a proportion 3:1, (ii) 75 mL of methanol and (iii) 75 mL of CH2Cl2 (sonicated and 

filtered) and finally dried under high vacuum affording 24 mg of f1-CNH.  
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• Synthesis of f2-CNH.  

 

 

 30 mg of functionalized f1-CNH were suspended in 30 mL of CH2Cl2 with 

hydrazine (9 mL, 0.06 mol) and the mixture was stirred for 16 h at room temperature 

under nitrogen. The crude was filtered on a Millipore membrane (PTFE, 0.2 μm) and 

washed by cycles of sonication and filtration with CH2Cl2 (75 mL) and methanol (100 

mL), and finally dried under high vacuum affording 28 mg of f2-CNH.  

• Synthesis of f3-CNH.  

 

 f2-CNH (13 mg, 6,5 μmol of amine groups) was suspended in 5 mL of dry DMF 

and neutralized with dry DIEA (57 μl, 325 μmol) under nitrogen. A solution of 6-

Maleimidohexanoic acid N-hydroxysuccinimide ester 21 (40 mg, 130 μmol) in DMF (2 

mL) was added. The reaction was sonicated for 20 min and then stirred at r.t. under N2 

for 48 h. The obtained f3-CNH were extensively washed by filtration (on a Millipore 

membrane (PTFE, 0.2 μm) with DMF, MeOH and Et2O, and then dried under high 

vaccum. Yield: 13 mg. 
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• Modification of the antibody (f-D2B) 

 

To a D2B solution (1 mL, 1.5 mg/mL) in PBS was added 1.17 mg of EDTA to 

afford 4mM and NaHCO3 saturated (0.1 mL). A freshly prepared solution of 2-

iminothiolane·HCl in water (10 μl, 2 mg/mL) was added. The mixture was shaken for 2 h 

at 30 ºC, and then it was incubated over night at 4 ºC. Finally, the excess of 2-IT was 

removed by dialysis (MWCO= 500 – 1000 Da) against PBS/EDTA 4 mM. The number 

of free sulfhydryl groups introduced in f-D2B was assessed by Ellman´s assay to be 

approximately 1 per Ab.   

 

• Synthesis of f4-CNH.  

 

 The maleimido-derivated f3-CNH (10 mg) was dispersed in 20 mL  of 

PBS/EDTA (4 mM) and the f-D2B solution (3.6 ml, 2 μM) was added and the mixture 

was shaken for 60 h at r.t. The obtained f4-CNH was washed by filtration on a Millipore 

membrane (PTFE, 0.2 μm) with PBS. The resulting Ab-conjugate f4-CNH was stored at 

4 ºC as dispersions of 0.5 mg/mL in PBS (pH 7.4). The solubility is around 0.4 mg/ml in 

PBS/EDTA (4 mM). 
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• Synthesis of f5-CNH.  

 

In a typical experiment, 40 mg of f1-CNH were sonicated in deionized water 

together with Boc-protected aniline 15 (1.53 g, 6.92 mmol) for 10 min in a microwave 

glass vessel. Finally, isoamyl nitrite 23 (0.44 mL, 3.34 mmol) was added, and a 

condenser was placed. The mixture was irradiated at 80 ºC with a monomode microwave 

working at 100W for 30 min, and after addition of a new aliquot of isoamyl nitrite (0.44 

mL, 3.34 mmol), at 30W for 60 min. After cooling at room temperature, the crude was 

filtered on a Millipore membrane (GTTP, 0.2 µm). The collected black solid was washed 

using cycles of sonication and filtration with methanol until the filtrate was clear and 

finally dried under high vacuum affording 36 mg of double functionalized intermediate 

f5-CNHs. 

• Synthesis of f6-CNH.  

 

The double protected intermediated (f5-CNH, 90 mg) was sonicated in 100 ml of 

CH2Cl2 for 5 minutes. Then, 100 ml of trifluoroacetic was added. The mixture was stirred 
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for 48 hours at room temepererature. The crude was filtered on Millipore membrane 

(PTFE, 0,2 μm) and washed by cycles of sonication and filtration with CH2Cl2 (75 mL) 

and diethyl ether (50 ml), and finally dried under high vacuum affording 80 mg of f6-

CNH. 

• Synthesis of f7-CNH.  

 

12 mg of functionalized f6-CNH were suspended in 12 mL of CH2Cl2 with 

hydrazine (3.6 mL, 0.024 mol) and the mixture was stirred for 16 h at room temperature. 

The crude was filtered on a Millipore membrane (PTFE, 0.2 μm) and washed by cycles 

of sonication and filtration with CH2Cl2 (75 mL) and methanol (100 mL) and diethyl 

ether (50 ml), and finally dried under high vacuum affording 10.5 mg of f7-CNH. 

• Synthesis of f8-CNH.  
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f6-CNH (60 mg, 13,75 μmol of amine groups) was suspended in 5 mL of dry DMF 

and neutralized with dry DIEA (200 μl, 1140.35 μmol) under nitrogen. A solution of 6-

Maleimidohexanoic acid N-hydroxysuccinimide ester 21 (85 mg, 276.25 μmol) in DMF 

(4 mL) was added. The reaction was sonicated for 10 min and then stirred at room 

temperature under nitrogen for 48 h. The obtained f8-CNH was extensively washed by 

filtration on a Millipore membrane (PTFE, 0.2 μm) with DMF, MeOH and Et2O, and 

then dried under high vaccum affording 56 mg. 

• Synthesis of f9-CNH. 

 

52 mg of functionalized f8-CNH were suspended in 52 mL of CH2Cl2 with 

hydrazine (15.6 mL, 0.104 mol) and the mixture was stirred for 16 h at room 

temperature. The crude was filtered on a Millipore membrane (PTFE, 0.2 μm) and 

washed by cycles of sonication and filtration with CH2Cl2 (75 mL) and methanol (100 

mL) and diethyl ether (50 ml), and finally dried under high vacuum affording 45 mg of 

f9-CNH. 
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• Synthesis of f10-CNH.  

 

In absence of light, 20 ml of 1.0 mM aqueous solution of N-hydroxysuccinimide 

(NHS) was added to an equal volume of an aqueous 1.0 mM solution of 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) and the resulting solution was 

allowed to stand at room temperature for 10 min. To this solution, 7 mg of c,c,t-

[Pt(NH3)2Cl2(OEt)(O2CCH2CH2CO2H)] 19 in MQ water was added. After 10 min, 42 mg 

of f9-CNH were added. The solution was sonicated for 3 minutes, heated to 50 °C for 2 h 

and then agitated overnight at room temperature. The crude was filtered on a Millipore 

membrane (GTTP, 0.2 μm) and washed with MQ water. 40 mg of f10-CNH were 

obtained.  

• Synthesis of f11-CNH. 
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 The maleimido-derivated f10-CNH (18 mg) was dispersed in 20 mL of 

PBS/EDTA (4 mM) and a f-D2B solution (17 ml, 6.7 μM) was added. The mixture was 

shaken for 60 h at room temperature until there was no Ab was detected in the 

supernatant by UV-Vis-NIR spectroscopy. Finally, the resulting f11-CNH was washed 

by filtration on a Millipore membrane (PTFE, 0.2 μm) with PBS. The resulting Ab-

conjugate MLBA29  was stored at 4 ºC as dispersions of 0.25 mg/mL in PBS/EDTA (pH 

7.8).  
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5. Conclusion 

A new series of hybrid materials composed of carbon nanohorns as delivery 

vehicles (Ab-CNH (f4-CNH), Drug-CNH (f10-CNH), Ab-Drug-CNH (f11-CNH) and 

Double Functionalized-CNH (f7-CNH) have been synthesized and fully characterized. In 

particular, cisplatin in a prodrug form and a specific D2B antibody for PSMA+ prostate 

cancer cells have been attached. Different biological experiments have demonstrated the 

selective binding and uptake of f4-CNH and f11-CNH (D2B-CNH) on PSMA+ prostate 

cancer cells. In addition, the selectivity of the f11-CNH on PSMA+ prostate cancer cells 

has made possible their selective killing versus PSMA - prostate cancer cells.  

In conclusion, we have demonstrated the better ability of f11-CNH to selectively 

kill PSMA+ cancer cells in comparison with the other synthesized CNHs hybrids.  

Furthermore, this new system offers great potentiality due to the possibility of 

modifying the type and degree of functionalization. This allows the variation of the 

quantity of drug or antibody attached to the nanostructure in order to play with the killing 

efficacy.  Similarly, the method is useful to attach different drugs or antibodies opening 

the way to the treatment of other diseases.  
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1. Introduction 

Numerous diseases are known to be genetically determined. Cancer, diabetes and 

Alzheimer stand out among other due to the high number of people to which they affect.  

The first attempts to treat these genetic diseases consisted in drug and dietary therapies. 

But the little success achieved with them makes scientist start to think about alternative 

therapies. It was in the last sixties and the beginning of seventies when researchers 

contemplated the use of gene therapy in this context.1 Gene therapy aims to treat both 

genetic and infectious diseases by the introduction of new genetic material into the 

appropriate cells in the body.2 However, in fight of the control of the technique together 

with ethical concerns, it wasn’t until 1990 when it was firstly applied to treat adenosine 

deseaminase deficiency (ADA), a genetic disease which leaves people defenceless 

against infections.3 

Gene therapy is usually classified in somatic gene therapy and germline gene 

therapy according to its targeted cells:  

• Somatic gene therapy: it is carried out on somatic cells. Somatic cells are all 

the cells in the organs and tissues of a pluricellular organism, except the 

gametes. They come from the stem cells, originated during the embryonic 

development; suffer cell proliferation processes and apoptosis. All of them 

are genetically equal. Thus, this kind of gene therapy only affects to the 

individual patient. This treatment can be applied in vivo or ex vivo. In vivo 

proceeding implies the direct introduction of the genes in the cells into the 

body of the patient; while ex vivo methodology consists in the incorporation 

of the genes in previously extracted patient cells which, after modification, 

are incorporated into the patient body.   

• Germline gene therapy: New genes are incorporated into germ cells, 

becoming part of their genome. Germ cells come from stem cells and have all 

the genetic material of the individual. They are responsible for forming the 

gametes and the transferring of genome to the embryo. Therefore, the 

incorporated genes would be heritable. Due to ethical and legal concerns, the 

use of this kind of therapy is not worldwide accepted.  



Design of multifunctional systems based on carbon nanomaterials  

 

250 
 

The somatic gene therapy can be also classified in different methodologies 

according to the specific function that it is going to develop: 

• Gene augmentation: This process consists of adding a “healthy” or “good” 

gene in cells in order to get their proper function. It is usually used in 

mutations caused by the lack of a specific gene.   

• Gene replacement: This methodology replaces a mutate gene with a 

functional copy of the gene.  

• Targeted cell death:  Toxic genes are inserted into cells in a prodrug form. 

The cells dead by the expression of these genes.  

• Specific inhibition of gene expression: Also called gene silencing, it inhibits 

the expression of genes associated to diseases. It is based on the insertion of 

molecules that degrade some specific mRNA (messenger Ribonucleic acid). 

The role of the mRNA is to travel from the nucleus to the cytoplasm with a 

copy of the information from DNA (deoxyribonucleic acid). There, 

ribosomes read the information and synthesize proteins according to the 

mRNA orders (figure 4.1).  
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Figure 4.1. Following DNA transcription, the messenger RNA then enters the cytoplasm 

where ribosomes translate the mRNA code and use the information to make proteins.4 

This therapy can be classified according to the chosen molecules to promote 

the degradation of the mRNA in different subcategories.  

- Antisense therapy: It is based on the use of antisense oligonucleotides 

(short stretches of synthetic single-stranded DNA), complementary to a 

specific sequence of the mRNA, called sense sequence.   

- small interfering RNA (siRNA) therapy: siRNA, also known as silencing 

siRNA, is a double-stranded RNA molecule formed by one sense strand 

and another antisense. Once the siRNA is in the cell, it is loaded in the 

RISC (RNA-Induced Silencing Complex). There, the two strands are 

separated and one of them promotes the cleavage of the specific mRNA.5 

This methodology is advantageous since it acts in the cytoplasm, 

avoiding the overcoming of the difficult-to-cross nuclear barrier.   

- Ribozymes: They are RNA enzymes or catalytic RNA, which can be 

specifically designed towards the fraction of mRNA to be destroyed.  
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Whatever the chosen methodology, all of them share the same challenge: the 

correct delivery of the genetic material within the target cells. The problems that can be 

associated to the gene therapy already start at extracellular level as the enzymes of serum 

or tissues can degrade the new genes. Them, once localized near the cells, the negative 

charges of naked genetic material prevents it from crossing the cellular membrane. If 

getting inside the cells through endocytosis, it needs to be released from endosomes and, 

meanwhile, be protected against nucleases.6 The therapy makes use of vectors to 

overcome such limitations, vehicles to properly carry the genetic material inside the cell.  

 

Figure 4.2. Barriers associated with gene delivery.7  

Vectors have been described as ‘Trojan horses’ that sneak the gene into the cell. 

Viral vectors were the first “Trojan horses” used in gene therapy. Retrovirus, adenovirus 

and herpes virus among other have been studied with delivery purposes achieving high 

transfection efficiencies and efficacy. But virus cannot be directly used; they are 

normally modified in order to avoid its replication while maintaining its capability to 

infect the cells, which implies expensive cost of production. In addition, they are known 

to provoke non-desired immunological responses and mutations.  Besides, non-viral 

vectors emerged as safer alternatives. They also offered the advantages of easy and 

scalable production as well as long-term stability. In terms of non-viral vectors, 

liposomes, polymeric nanoparticles, metallic core nanoparticles, dendrimers and 
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polymeric micelles have been extensively studied among others with good in vivo 

stability and biocompatibility as well as low cytotoxicity (figure 4.3).8  However, their 

main handicaps in comparison with the viral vectors are the low efficacy of transfection 

and the poor expression of the carried gene.9  

 

Figure 4.3. Some of the non-viral vectors used in gene therapy.5 

As it has been show in previous sections, carbon nanostructures are being studied 

in biomedicine due to their exceptional properties. The facility of modifying the carbon 

nanostructures with different cargos together with its capability to cross the cellular 

membrane are some of the advantages that they show. Because of this, carbon 

nanostructures have been presented as good candidates to design non-viral vectors. In 

fact, the use of carbon nanotubes as complexation systems for genetic material has been 

studied in our research group.10  

The first example of carbon nanotubes based delivery vector consisted of the use of 

ammonium-functionalized CNTs (f-CNTs), both SWCNTs and MWCNTs, to complex 

plasmid DNA through electrostatic interactions (figure 4.4).11 The presence of f-CNTs 
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within mammalian HeLa cells was demonstrated by transmission electron microscopy 

(figure 4.5). In addition the expression of the gene introduced by the f-CNTs was 

observed to be 10-fold higher than when delivering DNA alone. These hybrids were 

further analysed in another cell line observing also the success of the delivery. The study 

of the process by different methodologies demonstrated that MWCNTs condensed DNA 

better than SWCNTs. Nevertheless, the partial complexation of the DNA was suggested 

in order to get optimal gene-transfer efficiency.12 

 

Figure 4.4. Carbon nanotubes used by Pantarotto et al.11  

 

Figure 4.5. Ultrathin transverse section of Hela cells treated with f-CNTs. 11 
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Taking into accounts the advantages of the siRNA therapy over the use of DNA 

based therapy, amino-functionalized multi-walled carbon nanotubes were also used to 

transfer toxic siRNA into tumours cells with success.13 In a posterior study, the better 

efficacy of carbon nanotubes complexes was demonstrated in comparison with cationic 

liposomes, one of the most well-stablished non-viral vectors.14 In this study, a great 

reduction of the volume of tumours treated with the CNTs-siRNA complexes and 

prolonged survival of animals bearing these tumours were observed, demonstrating the 

effective applicability of nanotubes also in gene silencing therapies.  

The injection of specific siRNA for deactivation of Caspasa-3 into neurons was 

also achieved using carbon nanotubes as carriers (figure 4.6)15 After inducing stoke in 

animal models, the local administration of the hybrids was also analysed. A reduction of 

the neurodegeneration as well as the functional preservation was observed before and 

after a focal ischemic damage of the motor cortex. This study opened the door to the use 

of gene delivery based on carbon nanotubes to treat neurological diseases.  

 

Figure 4.6. Silencing of Caspase-3 in murine Neuro2A (N2a) neuroblastoma cell line by f-CNT:siCaspase-

3 (siCas 3) complexes at different time points. Total mRNA (naïve), siCas 3 alone and f-CNT:siNEG were 

used as control. Caspase-3 mRNA levels was reduced only in cells treated with f-CNT:siCaspase-3 

complexes at both time points.  

The complexation processes occur through the electrostatic interaction between the 

positive amino groups of the carbon nanotubes with the negative charge of the genetic 

material. This statement was demonstrated when comparing the differences in the degree 

of interaction of carboxy-, hydroxyl-, acyl- and amino-functionalized multi-walled 
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carbon nanotubes with plasmid DNA. It was found that only the amino-functionalized 

MWCNTs bound to DNA (figure 4.7).16 Taking this into account, the control of the 

amino cargos in the nanotubes was thought to provide an improvement in the design of 

novel nanocarriers. Bearing this in mind, the use of PEI (polyethylenimine) in 

conjunction with nanotubes has been widely explored17–20 as this polymer itself had been 

used as non-viral vector leveraging due to its buffering capacity.21  

 

Figure 4.7. Evaluation of the tranfection efficiency of plasmid DNA by using 

MWCNTs that were modified with different chemical groups.  

Dendrimers are hyperbranched macromolecules. They consist of a central core 

molecule from which a number of highly branched arms originate in an ordered and 

symmetric fashion.22 In PAMAM dendrimers, the consecutive additions of 

methylacrylate, followed by amidation of the resulting ester with ethylendediamine, yield 

their different generations (G-0, G-1, G-2, G-3, G-4…) with terminal amine 

functionalities. If we consider only one arm of the dendrimer, it is called dendron, which 

it is also classified according to the generation.  In figure 4.8, a scheme of different 

generations of PAMAM dendrimers is shown.   



Applications of carbon nanostructures: gene delivery 

257 
 

 

Figure 4.8. Scheme of different generations of PAMAM  dendrimers.23 

PAMAM dendrimers have also high buffering capacity, promoting the “proton 

sponge effect”. In addition, the amino groups of the periphery can interact with the 

negative charged genetic material. Consequently they have also been exploited as non-

viral vectors on its own 22 or associated with nanotubes with the objective of improving 

the gene delivery systems. Different successive generations of polyamidoamine 

(PAMAM) dendrons were linked to the surface of MWCNTs yielding a set of hybrids 

with increasing amino cargos in their periphery (figure 4.9).24 They were used to carry 

fluorescently labelled non coding siRNA into mammalian Hela cells and the efficacy of 

the transfection was evaluated using confocal microscopy. It was observed that the higher 

the generation of the dendrimer attached to the nanotubes, the higher the internalization 

of the complexes. Additionally, this studied was completed by examining the efficacy of 

the carriers in human lung carcinoma A549 cells observing similar results.25 Moreover, 

no significant toxicity of these nanotubes was observed within 24 hours of treatment in 

both cell lines.  Likewise, entire dendrimers have been incorporated to CNTs for gene 

delivering with improved transfection efficiencies and low cytotoxicity.26,27 
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Figure 4.9. Different dendron-MWCNTs hybrids used by Herrero et al.24 

Other amino-moieties such as  ethylenediamine28 polymers29,30 lipids or amino acid 

dendrimers31 among other have also been attached to CNTs to get the best possible 

complexation with the genetic material with promising results. 

 Although the cellular uptake of CNTs has been reported to be independent of the 

functional group,32 this does not imply that every CNT based vector can get a good gene 

transfection efficiency. Capabilities directly related to the type of functionalization such 

as the dispersability of the hybrids and the capacity to complex siRNA can affect the 

process of delivering. In fact, the differences between the position and the length of the 

attached functional groups in CNT based carriers have been analysed in terms of binding 

and cytotoxicity.33 SWCNTs and MWCNTs were functionalized with putrescine, 

spermidine and spermine in the tips or in the walls (figure 4.10). No cytotoxicity was 

addressed for any of the hybrids and no differences were found between the types of 

carbon nanotubes. However, a strong dependence of the complexation process with the 

position of the organic groups was found. The sidewall functionalization worked better 

than the possible modification of tips due to a more homogeneous distribution of chains. 

Likewise, shortest chains (putrescine) achieved the best results.  
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Figure 4.10. Nanotubes functionalized with putrescine, spermidine and spermine to complex siRNA. 33 

The use of carbon nanohorns (figure 4.11) in nanomedicine has been already 

described in section three. Their easy modification to incorporate different molecules and 

their capacity to overcome the biological barriers are two of its most important 

characteristics for this purpose. In addition, their homogenous size and the absence of 

metal nanoparticles should be highlighted when comparing with carbon nanotubes. 

However, there are not so many studies of these nanostructures as gene delivery carriers.  
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Figure 4.11. (a) Three-dimensional structure of CNHs dahlia aggregates (b) Detailed tip of CNHs. (c) 

Primary tube of CNH. 

Recently, we started a study on the use of CNHs as alternative non-viral gene 

delivery vectors with promising results.34 Our studies also took the aforementioned 

advantages of PAMAM dendrimers. Thus, we incorporated PAMAM dendrimers of G4 

and G6 generations to CNHs yielding stable and soluble hybrids.35 Considering the 

capability of dendrimers to host nanoparticles, we also attached dendrimer-encapsulated 

nanoparticles (DENs) to visualize the localization of PAMAM dendrimers on the carbon 

nanohorns surface (figure 4.12). Our approach achieved a good dispersion of the positive 

charges of dendrimers along the nanostructure which could decrease the inherent toxicity 

of the PAMAM dendrimers. In fact, our G4-dendrimer-CNH hybrids showed less 

cytotoxicity than G4-dendrimers alone. Subsequently, the interaction of our derivatives 

with siRNA yielded complexes able to silence the expression of GADPH and p42-

MAPK protein in cancer cell. p42-MAPK protein plays a key role in the growth of 

cancer.35  
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Figure 4.12. Dendrimer-CNHs hybrids used as gene delivery vectors by Guerra et al. and their 

transmission electron microscopy images.35 

In a posterior study, we used a different dendrimer-CNHs vector with longer 

organic chains (figure 4.13) to deliver specific siRNA for cofilin-1, another protein 

involved in the proliferation of cancer. The decrease in the expression of protein was 

achieved indicating the successfully action of the carrier. In addition, we analysed the 

effect of this silencing process in the toxic effect of docetaxel, a well-extended 

antitumoral drug and potentiation of antitumor effects of the drug was observed after the 

treatment with the gene therapy.36 This study suggested that the joint treatment using 

siRNA delivered with the proper carrier and an anticancer drug may represent an 

improvement to the actual therapies. 
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Figure 4.13. Structure of hybrid used to complex and deliver specific siRNA for cofilin-1. 36 
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2. Aim of the work 

According to all the previously described examples, there is no doubt about the use 

of carbon nanostructures as non-viral vectors in gene delivery. Although some issues 

related to the kind of functional group attached have been already broached, a better 

understanding of the role of the vector in the process is mandatory.  

Carbon nanohorns are emerging as promising alternatives to carbon nanotubes due 

to their aforementioned outstanding properties. However, there are few examples in 

literature about the use of these nanostructures as gene therapy vectors.  

Therefore, given the need to choose the best non-viral vector for gene delivery, in 

this project we aim to compare the complexation process of siRNA with different carbon 

nanohorns and nanotubes derivatives. We will functionalize carbon nanohorns by means 

of different methodologies, both 1,3-dipolar cycloaddition and radical addition. After a 

full characterization of the samples, their ability to interact with siRNA will be tested and 

the different complexes will be analysed by complementary techniques. In addition, the 

capability of CNHs to interact with the genetic material will be compared with a series of 

carbon nanotubes derivatives functionalized in the same way and which were provided 

by the laboratory of Professor Kostas Kostarelos. The experiment wanted to assess the 

influence of the type of nanostructure in the complexation processes. A summary of the 

nanostructures to be tested is shown in table 2.1.  
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Sample Structure 

NH1 

 

NH2 

 

NH3 

 

NH4 

 

NT1 

 

Table 2.1. Summary of all the carbon nanostructures used in this study. *These hybrids will have the same 

structure but with different degrees of functionalization.  
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3. Results and Discussion. 

3.1. Synthesis and characterization of carbon nanohorns derivatives.   

Carbon nanohorns were functionalized with amino-groups for the posterior 

attachment of siRNA. The functionalization process enhanced the solubility of the 

hybrids, very important for biological applications. The synthesis was carried out 

following the reactions of 1,3-dipolar cycloaddition and radical addition under 

microwave irradiation previously described in our group.37 The aniline (1) and aminoacid 

(4) were synthesized according to the methodology described in chapter three (see page 

183, compounds 15 and 8, respectively).  

Firstly we dealt with the synthesis of NH1 (figure 4.14). In a first step a radical 

addition of Boc-protected substituted aniline 1 in the presence of isoamyl nitrite 2 as 

oxidizing agent using microwave activation was performed over the pristine carbon 

nanohorns (p-CNHs) to yield p-NH1. The posterior deprotection of Boc in acidic media 

released the needed amino group in NH1 for the consequent complexation of the genetic 

material.  

 

Figure 4.14. Synthesis of NH1.  

The thermogravimetric analysis of the sample NH1 versus p-NH1 and p-CNH 

under N2 is shown in figure 4.15. An increase in the weight loss of p-NH1 from p-CNH 
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is observed due to the introduction of the organic material. The decrease in the weight 

loss of NH1 from p-NH1 is due to the removing of Boc after the deprotection step. The 

weight loss of p-NH1 at 600 ºC was 19 % degree corresponding to 989 μmol of 

functional group per gram of carbon nanohorns. The Kaiser test38  which determines the 

free amine groups in organic compounds yielded 240 μmol of free amino groups per 

gram of carbon nanohorns. This high discrepancy in the results could be due to the poor 

solubility of the nanostructure in the Kaiser test solvent. These functionalization results 

agree with the previously reported ones.37 

100 200 300 400 500 600 700 800 900
60

65

70

75

80

85

90

95

100

105

W
ei

gh
t 

(%
)

Temperature (ºC)

 p-CNH
 p-NH1
 NH1

 

Figure 4.15. Thermogravimetric analyses of samples p-NH1 and NH1 versus p-CNH. 

The hybrid NH2 was synthesized following the same methodology of the one used 

to obtain NH1 but employing 4-[(N-Boc)aminomethyl]aniline 3 as starting material 

(figure 4.16).  
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Figure 4.16. Synthesis of NH2.  

The thermogravimetric analysis of p-NH2, NH2 and p-CNH under N2 is shown in 

figure 4.17. As expected, an increase in the weight loss is observed in p-NH2 from p-

CNH and a decrease in NH2 due to the deprotection step. The analysis of NH2 shows 

14.5 % of weight loss at 600 ºC corresponding to 1367 μmol of functional group per 

gram of carbon nanohorns. The Kaiser test yielded 625 μmol of free amino groups per 

gram of carbon nanohorns, also lower than the TGA results.   
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Figure 4.17. Thermogravimetric analyses of samples p-NH2 and NH2 versus p-CNH. 
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The next step was the synthesis of the hybrid NH3. A 1,3-dipolar cycloadition of 

the phtalimide-protected amino acid 4 and paraformaldehyde 5 under microwave 

irradiation (figure 4.18) was carried out. Normally, we use a unique reaction step to 

functionalize nanohorns using an excess of amino acid and aldehyde.37 However, the 

microwave irradiation can provoke a quick sublimation of paraformaldehyde removing it 

from the crude of the reaction and avoiding its interaction with the nanostructures. To 

prevent this situation, the synthesis of derivative p-NH3 was carried with the previously 

described methodology but adding the paraformaldehyde in three aliquots (one every 15 

minutes of reaction). Afterwards, the deprotection of the phtalimide group in basic 

medium (hydrazine in dichloromethane) yielded the derivative NH3. 

 

Figure 4.18. Synthesis of NH3.  

In figure 4.19 the thermogravimetric analysis under nitrogen of p-NH3, NH3 

versus p-CNH is shown. They have the same tendency of the previously analyses, an 

increase of the weight loss in the first reaction and a decrease in the weight loss in the 

deprotection step. The weight loss for NH3 at 600 ºC is 20.5 %, corresponding to 1178 

μmol of functional group per gram of carbon nanohorns. The Kaiser test of the sample 

was 442 µmol of free amines per gram of CNH.  

 



Applications of carbon nanostructures: gene delivery 

269 
 

200 400 600 800
40

50

60

70

80

90

100

W
ei

g
ht

 (
%

)

Temperature  (ºC)

 p-CNH
 p-NH3
 NH3

 

Figure 4.19. Thermogravimetric analyses of samples p-NH3 and NH3 versus p-CNH. 

To get NH4, we carried out a typical 1,3-dipolar cycloadition of the phtalimide-

protected amino acid 4 and aldehyde 6 under microwave irradiation.37 Then, a basic 

medium (hydrazine in dichloromethane) was applied to deprotect the amine groups 

(figure 4.20).  

 

Figure 4.20. Synthesis of NH4.  

The thermogravimetric analysis of both hybrids versus p-CNH is shown in figure 

4.20. NH4 showed a weight loss of 15.5 % at 600 ºC under N2, corresponding to 550 
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μmol of functional group per gram of carbon nanohorns (figure 4.21) and it was 

consistent with the positive Kaiser test (245 µmol of free amines per gram of CNH).  
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Figure 4.21. Thermogravimetric analyses of samples p-NH4 and NH4 versus p-CNH. 

The table 2.2 shows a summary of the synthesized carbon nanohorns derivatives. 

 

 

 

 

 

 

 

 

 



Applications of carbon nanostructures: gene delivery 

271 
 

SAMPLE Structure 
% TGA, 

N2, 600 ºC 

µmol F. G./g 

C. (TGA, N2, 

600ºC) 

µmol F. G./g 

C. (Kaiser 

test) 

NH1 

 

19 989 240 

NH2 

 

14.5 1367 625 

NH3 

 

20.5 1178 442 

NH4 

 

17 550 245 

Table 2.2. Functionalization data of CNHs hybrids based on TGA results and Kaiser Test. 

The ζ-potential measurements give us information about the charge and stability of 

our samples. In table 2.3, the ζ-potential of carbon nanohorns hybrids at 1.25 mg/ml in 

water is shown. As expected, all the samples showed positive values due to the amino 

groups in the periphery.  
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SAMPLE ζ-potential (mV) 

NH1 41.86 ± 1.65 

NH2 48.27 ± 1.51 

NH3 33.33 ± 0.69 

NH4 31.10 ± 0.80 

Table 2.3.  ζ-potential measurements of different solution of carbon nanohorns samples at at 1.25 mg/ml in 

water. 

 The transmission electron microscopy (TEM) images of the different hybrids in 

water are shown in figure 4.22. They showed dahlias and buds forms. These images 

indicate that the spherical aggregates are not destroyed during the functionalization. The 

diameter of the structures estimated from the images is 50-80 nm.  

 

Figure 4.22. TEM images of different carbon nanohorns hybrids.  

Dynamic light scattering offers size distributions in situ by obtaining the 

hydrodynamic diameter of particles in solution.39 The values at low concentration (1.25 

µg/ml) are 146 ± 19.2, 118.5 ± 0.6, 122.9 ± 2.6 and 280.9 ± 72.6 nm for NH1, NH2, 

NH3 and NH4, respectively. According to the size observed in the TEM images (average 

between 50 and 80 nm), the hybrids formed small aggregates in solution. The analysis of 
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the carbon nanohorns samples at increasing concentrations in water is shown in figure 

4.23. From the graphic it is observed that NH1 and NH2 maintain the sized of the 

aggregates while NH3 and NH4 tends to form higher aggregates as the concentration 

increases.  
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Figure 4.23. DLS analysis of carbon nanohorns samples in waters at different concentrations ranging from 

1.25 to 12.5 µg/ml.  

According to the “proton sponge” theory a high buffering capacity at low pH of 

carriers would trigger the swelling of the endosomes releasing the polyplexes in the 

cytoplasm of the cell.40 To analyse this effect, the pH-dependent protonation of 

nanohorns in media containing 150 mM NaCl was evaluated by potentiometric titration 

(figure 4.24) with chloridric acid. A high amount of acid necessary to provoke changes in 

the pH of the carbon nanostructure solution indicates high tendency to be protonated, 

thus, higher buffering capacities.41 All the derivatives showed good buffering capacities 

at pH between 5.5 and 8 suggesting that they will facilitate the siRNA release from 

endosomes. The buffering capacity of NH3 is not so high as the ones of the other 

hybrids, but it is similar to other vectors previously studied which showed good 

transfection of genetic material into the nucleus of cells.42  
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Figure 4.24. Buffering capacity of different carbon nanohorns derivatives.  

3.2. Carbon nanotubes derivatives   

The carbon nanotubes hybrid provided by Professor Kostas Kostarelos and the data 

of their characterization are shown in table 2.4. All of them are multi-walled carbon 

nanotubes and have the same kind of functional group, but they are different batches, 

some of them prepared 4 years ago. This factor should be considered because some 

decomposition/aggregation could be observed over time. In figure 4.25 transmission 

electron microscopy images of hybrids bNT1 and cNT1 are shown. A different size for 

every batch is observed, bNT1 are shorter than cNT1.  
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SAMPLE Structure 
% TGA, 

N2, 600 ºC 

µmol F. G. / 

g C. (TGA, 

N2, 600ºC) 

µmol F. G. / 

g C. (kaiser 

test) 

aNT1 

(4 year-old)  

Batch 1 

 
N. A. N. A. 110 

bNT1 

(2 month-old) 

Batch 2 

 

 

7 402 85 

cNT1 

(2 month-old) 

Batch 3 

 8 460 110 

Table 2.4. Carbon nanotubes derivatives and characterization data based on TGA and Kaiser test 

analyses. Below the name it is written how old are the sample.  

 

Figure 4.25. Tranmission electron microscopy images of bNT1 and cNT1.  
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3.3. Analysis of the siRNA-nanostructure complexation    

The most important characteristic of a good gene delivery vector is its capacity to 

form complexes with siRNA. Therefore, in a first step, agarose gel retardation assay was 

performed to examine the ability of the different nanostructures to form electrostatic 

complexes with siRNA (Neg. control siRNA, QIAGEN). In this technique, an electric 

field is applied in an agarose gel to move the previously loaded negatively charge siRNA 

molecules through the matrix. When siRNA is forming complexes with other structures, 

its mobility is reduced and it is not visible at the same position of the free siRNA (figure 

4.26).  

 

Figure 4.26. Scheme of agarose gel retardation assay. 

The complexes at different mass ratio were prepared by mixing increasing 

quantities of nanostructures (1 mg/ml solutions) with siRNA (0.25 µmol) and incubating 

for 30 min at room temperature. Each complex and free siRNA were loaded onto a 1 % 

agarose gel containing ethidum bromide with Tris/Borate/EDTA (TBE) buffer at 70 V 

for 45 min. The gels were visualized with a camera UV and GeneSnap software. The 

results for every nanohorn sample are showed in figure 4.27.  
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Figure 4.27. Agarose gel electrophoresis assay of siRNA/nanohorns complexes at various mass ratios 

indicated on the top of every gel. Solutions of fresh solutions of 1 mg/ml nanostructures were used as 

starting material. 

The absence of white signal in the gels indicates the interaction between siRNA 

and the nanostructure. At first glance, the formation of complexes with carbon nanohorns 

(NH) is observed. The complexation is most noticeable for NH1 and NH2, both 

functionalized by radical addition, as the complexes are completely formed at 1:10 

(siRNA/NH) mass ratio relationship. Complexes with NH3 and NH4 are formed at 

higher ratios but they showed linearity between the amount of nanostructure and the 

complexation according to the progressive decrease in the intensity of the free siRNA as 

the mass ratio relationship increases. This observation is important as the total 

complexation is not good because a strong interaction could avoid the release of the 

genetic material from the complex. Thus, studies about the release of the siRNA should 

be performed. If we observe NH1 and NH3, both with almost the same quantity of amino 

groups (according to the TGA data) and with similar length of the organic chains, there is 

a stronger interaction of siRNA with NH1 (functionalized with radical addition) than 

with NH3 (1,3-dipolar cycloaddition).  

From another point of view, it is known that carbon nanostructures form aggregates 

at high concentrations. In order to analyse if the concentration of the nanomaterials plays 

a role in the complexation, some of the samples were analysed following the same 

methodology by gel electrophoresis but forming complexes at lower starting 

concentration (0.2 mg/ml). In figure 4.28 the gels of these assays is shown. Solutions of 
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0.2 mg/ml exhibited almost the same behaviour as the solutions of 1 mg/ml for the 

analysed samples, with complexes totally formed at 1:10 mass ratio for NH1 and NH2. 

Thus, the concentration of the carbon nanostructure does not affect to the complexation 

process.  

 

Figure 4.28. Agarose gel electrophoresis assay of nanostructures/siRNA complexes at various mass ratios 

indicated on the bottom of every gel. Solutions of 0.2 mg/ml of freshly nanostructures were used as starting 

material. 

In addition, as it has been mentioned, the stability of the solutions is supposed to 

clearly affect the complexation as the nanostructures themselves can precipitate after a 

long period of time. In figure 4.29, the complexation with a fresh solution of hybrids 

NH3 and NH1 at 1 mg/ml was analysed against a non-fresh solution (2 weeks after the 

solution was prepared). From the gel images, a slightly worst formation of the complex 

was observed with the non-fresh solution as expected. This can be due to the low stability 

of the solution in water.  It suggested that for the best complexation, the solution of the 

nanostructures should be freshly prepared just before forming the complexes.  

 

Figure 4.29. Agarose gel electrophoresis assay of nanostructures/siRNA complexes at various mass 

ratios indicated on the bottom of every gel. Solutions of 1 mg/ml of nanostructures at different preparation 

times were used as starting material. 
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The next step was the analysis of the complexation process between carbon 

nanotubes hybrids (NT) and siRNA. The electrophoresis gels assay of the complexes 

forming in the same way as the ones of carbon nanohorns showed that there is not 

interaction for any of the samples (figure 4.30). 

 

Figure 4.30. Agarose gel electrophoresis assay of siRNA/nanotubes complexes at various mass ratios 

indicated on the top of every gel. Solutions of 1 mg/ml of freshly nanostructures were used as starting 

material. 

The complexation of NT was not achieved neither with new samples (NT1 and 

NT2), even with increasing siRNA/NT mass ratio relationship up to 1:100. The 

complexation with nanotubes functionalized by 1,3-dipolar cycloaddition, has been 

previously described.11,14 However, to our surprise, we did not achieve such results. We 

hypothesize that the low functionalization of the hybrids, which show very low solubility 

(figure 4.31), together with the existing differences in the carbon nanotubes batches 

affected the complexation process previously reported by Prof. Kostarelos group.  
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Figure 4.31. Images of a)NT1 solution before complexation, b)NT3 solution before complexation, c) NT1 

solution after complexation with siRNA and d)NT3 solution after complexation with siRNA. The numbers 

in the Eppendorf show the mass ratio relationship (NT/siRNA). Clearly, a strong precipitation of the 

nanotubes is observed after the complexation time (30 minutes). 

In summary, carbon nanohorns formed complexes with siRNA better than carbon 

nanotubes. The solubility of the compounds played one of the most important roles in the 

complexation, but a high number of functional groups cannot guarantee either the best 

solubility or the best complexation. From another point of view, the stability of the 

solutions also affected the complexation process, so the use of freshly prepared solutions 

is highly recommended. If we compare our results with bibliography, the mass ratio at 

which nanohorns form complexes (between 50:1 and 5:1) is smaller than the one needed 

with nanotubes (80:1 CNT:siRNA).14 In addition, between our samples, the nanohorns 

functionalized with radical addition (NH1 and NH2) form complexes easier than the 

ones functionalized with 1,3-dipolar cycloaddition (NH3 and NH4), regardless of the 

degree of functionalization.  
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3.4. Characterization of the complexes  

Once the formation of the complexes was observed with carbon nanohorns, the 

next step was their characterization. The ζ-potential measurements give us information 

about charge and stability of our samples. In figure 4.32, the ζ-potential of complexes at 

different mass ratio is shown. NH1 and NH2 showed positive values at mass ratio higher 

than 10 (NH/siRNA). However, NH3 and NH4 showed negative value at all the mass 

ratio relationships. These results agreed with the gel retardation assays. With NH1 and 

NH2 the formation of the complexes was almost completed at 10 mass ratio 

(NH/siRNA); thus, at the highest mass ratio relationships all the siRNA was forming 

complexes.  Presumably, the increases of positive charge carbon nanohorns incremented 

the positive charge of the solution. With NH3 and NH4 the complexation was not 

completed until 50 mass ratio relationship, thus the excess of siRNA in the solution of 

the lowest mass ratio relationships provoked the negative charged solutions.  
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Figure 4.32.  ζ-potential measurements of different solution of carbon nanohorns complexes at different 

mass ration relationships.  

The complexes were also analysed by dynamic light scattering (table 2.5). The 

complexes were studied at 5 mass ratio for NH1 and NH2 and at 20 mass ratio for NH3 

and NH4 (mass ratio = CNH/siRNA). These values were chosen to avoid the complete 
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complexation of the components in order to favour the posterior release of the siRNA in 

cells.  If we consider that siRNA interacting with CNHs should increase their size, these 

DLS sizes similar to the ones of nanohorns alone (see 146 ± 19.2, 118.5 ± 0.6, 122.9 ± 

2.6 and 280.9 ± 72.6 nm for NH1, NH2, NH3 and NH4, respectively) would indicate the 

disaggregation of the nanohorns. However, the complexes seem to be formed from more 

than one carbon nanohors, according to the diameter calculated by TEM (50-80 nm).  

SAMPLE DLS (nm) 

NH1 126.27 ± 3.21 

NH2 158,07 ± 3.21 

NH3 175.30 ± 2.80 

NH4 286.83 ± 18.17 

Table 2.5.  DLS analysis of carbon nanohorns complexes at different mass ration relationships. 

 

The formation of the complexes at these intermedium mass ratios relationship was 

also confirmed by transmission electron microscopy (figure 4.33). The results were 

compared to the functionalized CNH non forming complexes (naked). In the images of 

the complexes (figure 4.33 e, f, g and h) areas of high contrast are observed around the 

nanohorns (white narrows), which are not present in the images of the naked nanohorns 

(figure 4.33 a, b, c and d). These halos around CNH were associated the genetic material 

confirming that the complexation was successfully achieved with all hybrids.  
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Figure 4.33. TEM images of nanohorns alone a) NH1, b) NH2, c) NH3, d) NH4, Nanohorn/siRNA 

complexes e) NH1 at 5 mass ratio, f) NH2 at 5 mass ratio, g) NH3 at 20 mass ratio and h) NH4 at 20 mass 

ratio.   

In addition, atomic force microscopy on mica of NH1 was also carried out before 

and after the complexation at 5 mass ratio. Figures 4.34 a and b show 2D-image and3-D 

image of naked NH1, with individual nanohorns of a size around 40-50 nm. Figures 4.34 

c and d show 2D-image and 3-D image of NH1 complexes. A halo surrounding the 

nanohorns was observed in the complexes, confirming the coated of the nanostructures 

with siRNA. In addition, as it has been observed by TEM, the complexes consist of more 
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than one nanohorns. In figure 4.34 d, it can be clearly observed a cover between 

nanohorns.  

    

    

Figure 4.34. AMF images of: a) 2-D image naked NH1 (inset in a shows the sized of the nanohorns around 

40-50 nm); b) 3-D image of naked NH1,  c) 2-D image of complex NH1/siRNA at 5 mass ratio and d) 3-D 

image of complex NH1/siRNA 

3.4. Analysis of the release of siRNA from the complexes 

 Once the complexes are in the cytosol, the siRNA should be displaced from the 

nanostructures by the interaction of their positive charged groups with the negative 

environment of the cytoplasm. To evaluate this possible displacement, the complexes 

were exposed to increasing concentrations of heparin. This polyanion mimics the 

negative environment of the cell.  The complexes were studied at 1:5 mass ratio for NH1 
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and NH2 and at 1:20 mass ratio for NH3 and NH4. Presumably, it should be the ideal 

mass ratio relationship to carry out experiments in cells. The experiment was carried out 

by adding increasing concentrations of heparin anion to the previously formed complexes 

and incubating them for 30 min. Then, the solutions were loaded onto a 1 % agarose gel 

containing ethidum bromide with TBE buffer at 70 V for 45 min. The gels were 

visualized with a camera UV and GeneSnap software. As it is observed in figure 4.35, all 

the nanohorns complexes were able to release the siRNA in the presence of heparin 

except NH4. The study showed that NH1 and NH3 are the best candidates, because they 

were able to release almost all the siRNA as it was observed by the strong signal at 10 

heparin/CNHs mass ratio comparing to the lighter signal for NH2.  

 

Figure 4.35. Polyanion competition assay of complexes against heparin. 
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4. Experimental section 

4.1. General methods 

Solvents were purchased from SDS and Fluka. Chemicals were purchase from 

Sigma-Aldrich or Across Organics and were used as received without further 

purification. 

Carbon Nanohorns were purchased from Carbonium s.r.l., Padova (Italy) and 

used without purification. Functionalized carbon nanotubes were provided by 

Professor Kostas Kostarelos from the University of Manchester.  

Functionalization reactions were carried out in a CEM DISCOVER S-Class 

reactor with an infrared pyrometer, a pressure control system, stirring and an air cooling 

option. Quartz or glass flasks have been used when necessary. 

The Thin Layer chromatography (TLC) was performed in silica gel layers F254 

Merck (thick = 0.2 mm), using a UV lamp at a wavelength of 254 nm to reveal the 

presence of the organic compounds. In case the compounds were not UV active, an 

oxidation process was done using KMnO4, followed by heat. 1H-RMN and 13C-RMN  

spectra were recorded in solvent on a Varian Inova 400 spectrometer operating at 399.78 

MHz for 1H and 100.53 for 13C.  The value of chemical shift (δ) are quoted in parts per 

million (ppm) and the coupling constants (J) in Hertzs (Hz). 

As a mean of sonication a Selecta ultrasonic bath without heating was used. 

Transmission Electron Microscopy was performed using a Phillips Biotwin CM 

210 electron microscope. Samples were prepared by transferring 10 μl of carbon 

nanohorns or complexes solutions onto a 300 grid copper mesh, and the drop was 

allowed to adsorb on top of the mesh for 10 s after which the excess was wicked off 

using the edge of a filter disk.  

Atomic force microscopy (AFM) using a multimode AFM on the tapping-mode 

was carried out with an E-type scanner, Nanoscope VI controller, Nanoscope v614r1 

control software (Veeco, Cambridge, UK) and a 2 silicon tapping tip (NSG01, NTI-
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Europe, Apeldoorn, The Netherlands) of 10nm curvature radius, mounted on a tapping 

mode silicon cantilever with a typical resonance frequency 150 kHz and a force constant 

of 5.5 N/m. Images were taken in air, by depositing 20µl of the nanohorns or complexes 

solutions on a freshly cleaved mica surface (Agar Scientific, Essex, UK) and allowed to 

adsorb for 30 seconds. Excess unbound material was removed by washing with filtered 

distilled water, and then allowed to dry in air. 

ζ-Potential. The overall charge of the complexes was estimated by measuring the 

Z-potential as a function of the electrophoretic mobility on a Malvern Zetasizer unit, 

Nano ZS series HT at 25 ± 0.1 ºC by loading the sample dispersions in a U-shaped 

cuvette, equipped with gold electrodes. The samples were prepared in MQ water. 

DLS experiments were carried out using Zetasizer Nano ZS (Malvern, UK, He-Ne 

laser). 

The thermogravimetric analyses were performed with a TGA Q50 (TA 

instruments) under nitrogen or air atmosphere by equilibrating at 100 ºC followed by a 

ramp of 10 ºC/min up to 1000 ºC.   
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4.2. Synthesis of carbon nanohorns samples.  

4.2.1. Synthesis of derivative NH1 and NH2  

In a typical experiment, 40 mg of p-CNH were sonicated in deionized water 

together with corresponding Boc-protected aniline, 1 for NH1 (2.12 g, 6.92 mmol)  and 3 

(1.53 g, 6.92 mmol) for NH2, for 10 min in a microwave glass vessel. Finally, isoamyl 

nitrite 2 (0.44 mL, 3.34 mmol) was added, and a condenser was placed. The mixture was 

irradiated at 80 ºC with a monomode microwave working at 100W for 30 min, and after 

addition of a new aliquot of isoamyl nitrite (0.44 mL, 3.34 mmol), at 30W for 60 min. 

After cooling at room temperature, the crude was filtered on a Millipore membrane 

(GTTP, 0.2 µm). The collected black solid was washed using cycles of sonication and 

filtration with methanol until the filtrate was clear and finally dried under high vacuum 

affording the corresponding intermediate p-NH1 or p-NH2. 

In a subsequent step, 30 mg of p-NH1 or p-NH2The double protected 

intermediated (f5-CNH, 90 mg) were sonicated in 40 ml of CH2Cl2 for 5 minutes. Then, 

40 ml of trifluoroacetic was added. The mixture was stirred for 48 hours at room 

temperature. The crude was filtered on Millipore membrane (PTFE, 0.2 μm) and washed 

by cycles of sonication and filtration with CH2Cl2 (75 mL) and diethyl ether (50 ml), and 

finally dried under high vacuum affording NH1 or NH2.  
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4.2.2. Synthesis of derivative NH3 

Pristine CNHs (25 mg) were suspended in 5 mL of CH2Cl2 with the corresponding 

aldehyde 20 (110 mg, 0.66 mmol) and the amino acid 4 (211 mg, 0.66 mmol) and 

paraformadehyde 5 (70 mg) in a microwave quartz vessel; after sonication for 5 min, the 

solvent was evaporated with a nitrogen stream, the vessel was closed and introduced into 

a monomode microwave where the mixture was irradiated for 15 minutes at different 

power and temperature.37 After that, a new aliquot of paraformaldehyde 5 was added and 

the reaction was irradiated for 15 minutes. This last step was repeated to finish the 

reaction. Once the crude was cooled, the crude was re-suspended in 75 mL of CH2Cl2 

and sonicated for 5 min. The solution was filtered on a Millipore membrane (PTFE, 0.2 

μm) and the collected black solid was washed by cycles of sonication and filtration using 

three different mixtures of solvents: (i) 75 mL of CH2Cl2 (ii) 100 mL of methanol/HCl 

(37%) in a proportion 3:1, (iii) 75 mL of methanol and (iiii) 75 mL of CH2Cl2 (sonicated 

and filtered) and finally dried under high vacuum affording p-NH3.  

Then, 30 mg of functionalized p-NH3 were suspended in 30 mL of CH2Cl2 with 

hydrazine (9 mL, 0.06 mol) and the mixture was stirred for 16 h at room temperature 

under nitrogen. The crude was filtered on a Millipore membrane (PTFE, 0.2 μm) and 

washed by cycles of sonication and filtration with CH2Cl2 (75 mL) and methanol (100 

mL), and finally dried under high vacuum affording NH3. 

 

4.2.3. Synthesis of derivative NH4 

Pristine CNHs (25 mg) were suspended in 5 mL of CH2Cl2 with the amino acid 4 

(211 mg, 0.66 mmol) and aldehyde 6 (109 mg, 0.65 mmol) in a microwave quartz vessel; 

after sonication for 5 min, the solvent was evaporated with a nitrogen stream, the vessel 

was closed and introduced into a monomode microwave where the mixture was 
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irradiated for 45 minutes at different power and temperature.37 After this period of time, 

the crude was re-suspended in 75 mL of CH2Cl2 and sonicated for 5 min. The solution 

was filtered on a Millipore membrane (PTFE, 0.2 μm) and the collected black solid was 

washed by cycles of sonication and filtration using three different mixtures of solvents: 

(i) 100 mL of methanol/HCl (37%) in a proportion 3:1, (ii) 75 mL of methanol and (iii) 

75 mL of CH2Cl2 (sonicated and filtered) and finally dried under high vacuum affording 

24 mg of p-NH4.  

Then, 30 mg of functionalized p-NH4 were suspended in 30 mL of CH2Cl2 with 

hydrazine (9 mL, 0.06 mol) and the mixture was stirred for 16 h at room temperature 

under nitrogen. The crude was filtered on a Millipore membrane (PTFE, 0.2 μm) and 

washed by cycles of sonication and filtration with CH2Cl2 (75 mL) and methanol (100 

mL), and finally dried under high vacuum affording NH4. 
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5. Conclusion 

Different hybrids of amino functionalized carbon nanohorns have been synthesized 

using 1,3-dipolar cycloaddition and radical addition using microwave irradiation: NH1, 

NH2, NH3 and NH4 to be used as vehicles for genetic material. After their fully 

characterization, their buffering capacity has been evaluated showing a good capacity to 

be released from endosomes after a hypothetical internalization on cells. After that, their 

capability to interact with siRNA has been analysed observing the formation of 

complexes with all the derivatives. Notwithstanding, the efficacy of complexation has 

been diverse for the derivatives: NH1 and NH2 (functionalized by radical addition) 

showed stronger interaction with siRNA than NH3 and NH4 (functionalized by 1,3-

dipolar cycloaddition). The correct formation of the complexes has been corroborated by 

different techniques: agarose gel electrophoresis assay, ζ-potential, DLS, TEM and 

AFM. In a posterior experiment, the displacement of the siRNA from the complexes after 

interacting with heparin, a polyanion that mimic the cytosol environment, has been 

studied. NH1, NH2 and NH3 released siRNA, while NH4 released nothing. This fact can 

be explained by the strong interaction between the nanostructure and the genetic material. 

NH1 (functionalized by radical addition) and NH3 (functionalized by 1,3-dipolar 

cycloaddition) release the highest quantity of genetic material. Taking into account that 

they have almost the same degree of functionalization and similar length of the organic 

chains, and considering that NH1 form complexes at the lowest mass ratio relationship, 

this last derivative can be considered as the best carrier. However, the analysis of the 

cellular uptake should be evaluated in the future to assess the greatest candidate. 

In addition, a comparison between the complexation efficacy of the carbon 

nanohorns and carbon nanotubes hybrids has been carried out. Different batches of 

carbon nanotubes did not formed complexes with siRNA, while it has been described a 

good behaviour of this systems in bibliography.  new carbon nanotubes with different 

type and degree of functionalization should be tested in order to carry out acomplete 

study.   
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