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In the last few decades great efforts have been placed in studying carbon 
nanomaterials. Nowadays the nanocarbon family spans from fullerene, the first 
member, to Carbon Dots (C-Dots), the last to join. C-Dots have attracted considerable 
attention for a wide range of applications, especially bioapplications, because of their 
properties: emission, small sizes, aqueous solubility, biocompatibility and chemical 
stability. 

The aim of this doctoral thesis was to synthesize carbon nanodots (CNDs), in 
particular nitrogen-doped CNDs, and functionalize their surface with properly 
designed molecules/biomolecules for bioapplications. 

In the first chapter, an introduction on the different types of C-Dots is provided, with 
a particular emphasis on CNDs. An overview of their most common production 
methods, characterization techniques and properties is given. A brief discussion on 
their applications, especially bioapplications, is reported. 

In chapter 2, highly fluorescent and water-soluble nitrogen-doped CNDs were 
prepared. A simple bottom approach by employing low-cost carbon and nitrogen 
sources (arginine and ethylenediamine) was used. The as-prepared CNDs were 
purified and characterized. They showed an excitation wavelength dependent 
emission, several functional groups on their surface such as amines and a narrow size 
distribution. 

Chapter 3 reported the covalent and non-covalent modification of CNDs in preparing 
hybrid materials for diverse bioapplications. The covalent modification of the CNDs 
surface with iron nanoparticles or drugs, such as paclitaxel and chlorambucil, was 
described. Moreover, it was studied the attachment of human serum albumin via non-
covalent approaches. 

The Chapter 4 focused on the in vitro bioapplications of the materials described in 
chapter 3 as drug delivery systems, bioimaging agents and nanocarriers. Moreover, 
the effect of a protein corona around CNDs on their cellular uptake it was studied, 
since it is a prerequisite for their successful use for such applications. The CNDs and 
related materials presented non-toxicity, biocompatibility and good cellular imaging 
capability. They were tested through the IC50 and a high pharmacological activity in 
solid tumors was observed. Finally, their in vitro permeability was evaluated through 
an inverted BBB using a real-time cell response and observing that they are able to 
cross the BBB model. 
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I nanomateriali di carbonio sono stati ampiamente studiati negli ultimi decenni. 
Questa famiglia di materiali va dal fullerene, che è stato il primo ad essere scoperto, 
ai Carbon Dots (C-Dots), gli ultimi membri che sono entrati a farne parte. I C-Dots 
hanno attratto un considerevole interesse per un’ampia gamma di applicazioni, 
specialmente in ambito biologico, grazie alle loro proprietà di emissione, piccole 
dimensioni, solubilità in acqua, biocompatibilità e stabilità chimica. 

Lo scopo di questa tesi di dottorato è stato di preparare carbon nanodots (CNDs), in 
particolare CNDs dopati con azoto, e di funzionalizzare la loro superficie con 
molecole/biomolecole opportunamente scelte per la loro applicazione biologica. 

Nel primo capitolo, viene fornita una introduzione sulle diverse tipologie di C-Dots, 
con una particolare enfasi sui CNDs. Viene presentata una panoramica sui loro più 
comuni metodi di preparazione, tecniche di caratterizzazione e proprietà. Infine, è 
riportata una breve discussione sulle loro applicazioni, specialmente in ambito 
biologico. 

Nel secondo capitolo viene descritta la preparazione di CNDs dopati con azoto, 
altamente fluorescenti e solubili in acqua. È stato impiegato un semplice metodo 
bottom-up utilizzando dei precursori a basso costo come fonti di carbonio e azoto 
(arginina ed etilendiammina). Tali CNDs sono stati purificati e caratterizzati. Essi 
hanno mostrato una emissione dipendente dalla lunghezza d’onda di eccitazione, 
molti gruppi funzionali sulla loro superficie, come ad esempio ammine, e una stretta 
distribuzione dimensionale. 

Nel capitolo 3 è presentata la modificazione covalente e non covalente dei CNDs al 
fine di preparare dei materiali ibridi per varie applicazioni biologiche. Viene descritta 
la modificazione covalente degli CNDs con nanoparticelle di ferro o farmaci, come 
il paclitaxel e il clorambucile. Inoltre, è stata studiata la coniugazione di 
sieroalbumina umana attraverso approcci non covalenti. 

Il capitolo 4 è incentrato sulle applicazioni biologiche in vitro dei materiali descritti 
nel capitolo 3, come sistemi di drug delivery, agenti per bioimaging e nanocarrier. 
Inoltre, è stato studiato l’effetto di una proteina corona attorno ai CNDs sul loro 
uptake cellulare, dal momento che esso rappresenta un prerequisito per il loro uso in 
tali ambiti. I CNDs e i relativi materiali hanno mostrato di non indurre tossicità, di 
essere biocompatibili e di essere capaci di ottime capacità di imaging cellulare. Essi 
sono stati testati mediante IC50 ed è stata osservata una elevata attività farmacologica 
in tumori solidi. Infine, è stata valutata la loro permeabilità in vitro attraverso un BBB 
invertito utilizzando una risposta cellulare in tempo reale e osservando che sono in 
grado di attraversare il modello BBB. 
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Introduction 
 
 
 
 

“The discovery of carbon atom has revolutionized the science and technology to 
 a great extent and now it is reality that carbon has the potential to make the chemistry 

stable. It is believed that the discovery of carbon‐related materials and their development will 
be crucial for the future of chemistry and technology. The existing works of literature 
reflected that carbon is the most studied element of the nano era.” Nobel Laureate Dr. 

Richard Smalley 

 
 
 
 
1. Carbon nanomaterials 
Carbon is one of the most abundant element on the Earth’s crust and it is present on 
the nature with different allotropic forms. The world-renowned allotropes of carbon 
are graphite and diamond, among the many that are possible (Figure 1.1). During the 
last few decades great efforts has been placed in studying carbon nanomaterials, and 
nowadays these efforts had paid off with a wide family of nanocarbons from 
fullerene, the first member, to Carbon Dots (C-Dots), the last to join.1 

Nanomaterials are defined by their morphological properties, smaller than 1µm in at 
least one dimension. However, generally their size is restricted from 1 to 100 nm.2 
Carbon nanomaterials can be classified according to their dimensionality: zero-
dimensional, such as fullerene; one-dimensional, such as carbon nanotubes; and two-
dimensional, such as graphene. The nanocarbon family have gained tremendous 
interest since the discovered of the first member, which was the fullerene by Harold 
W. Kroto, Robert F. Curl and Richard E. Smalley in 1985.3 This discovery gave them 
the Nobel Prize in 1996. The most common fullerene is composed by 60 atoms of 
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carbon (C60). C60 is an insoluble or only sparingly soluble in most solvents material 
with a spherical shape and its surface contains 20 hexagons and 12 pentagons. The 
sp2 carbon atoms can form single or multiple sheet rolled up in a cylindrical shape 
called carbon nanotubes (CNTs) discovered in 1991 by Iijima.4 A general 
classification for CNTs is based on the number of layers or walls they are made of, 
such as single wall CNTs (SWCNTs) or multi-walled CNTs (MWCNTs). Another 
material with carbon atoms in a sp2 hybridization arranged in a hexagonal lattice is 
graphene.5 In 2010 the Nobel Prize was awarded jointly to Andre Geim and 
Konstantin Novoselov for their prominent discovery regarding the two dimensional 
material graphene. Another allotrope that are not composed by sp2 carbon atoms, but 
consists of sp3 carbon atoms, is the nanodiamond.6 The last member to join the carbon 
family was the fluorescent carbon dot (C-Dots) that will be fully described in the 
following sections. 

 

Figure 1.1. Most representative examples of the nanocarbon family. 

 

All these nanocarbons have inspired an extensive and novel science field not only 
because of their unique properties, but also due to their great potential for a wide 
variety of applications, from electronics to biomedicine.7 

 
1.1. Carbon-based dots 
C-Dots were serendipitously discovered in 2004 by Walter A. Scrivens and 
colleagues in the University of South Carolina.8 They described a preparative 
electrophoretic method to purify SWNTs derived from arc-discharge soot (Figure 
1.2). Since the authors used arc-discharge to prepare CNTs, the latter contained 
several impurities. During the material purification, by means of a traditional gel 
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electrophoresis of agarose gel slab, an unexpected luminescent fraction was 
discovered and isolated from the crude (Figure 1.2). It was a mixture of fluorescent 
nanoparticles, known today as C-Dots. 

 

Figure 1.2. Images of the electrophoretic profile upon visible ultraviolet (UV) light 
illumination of 1 % agarose gel. Reprinted with permission from ref. 8. Copyright 2004 

American Chemical Society. 

 

During the last decade, several types of C-Dots have been emerging because of their 
interesting properties, the high number of their possible application in various fields 
and their easy-fast production (Figure 1.3). At first, they were called ‘‘carbon 
quantum dots’’. However, the term quantum dot (QD) was assigned without 
accomplishing all the necessary requirements to be called like this.9 QDs are usually 
referred to small semiconductor particles with quantum-confinement effect, which 
means that the size of the particles is less than the Bohr radius of the charge carrier; 
the charge (i.e., electrons or exciton) in these particles is confined in spatial 
dimensions with quantized energy states.10 Besides, the morphology of the structure 
of C-Dots could be; crystalline or amorphous, and the shape; spherical or plane. There 
are several properties that can be studied in order to make a clear classification of C-
Dots (Figure 1.3).11 Nevertheless, some researchers call generally these 
nanomaterials as “C-Dots” in order to avoid misunderstandings. Figure 1.3 reports 
the types of C-Dots that scientists are considering nowadays: graphene quantum dots 
(GQDs), carbon quantum dots (CQDs), polymer carbon dots (PCDs) and carbon 
nanodots (CNDs). In the next section of this chapter, the different types of C-Dots 
will be described in detail with a special emphasis on their differences, as for example 
their photoluminescence mechanism. 
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Figure 1.3. Classification of fluorescent carbon nanoparticles, C-Dots. 
 

1.1.1. Graphene Quantum Dots 
Graphene quantum dots (GQDs) or graphene quantum discs do not present spherical 
shapes. Typically, they are based on graphene sheets (3-10 layers) with lateral 
dimensions in the range of 2-20 nm. GQDs present the whole pack of unique 
properties of C-Dots, such as chemical inertness, high water solubility, low toxicity, 
tunable photoluminescence, and high photostability, among the others.12 Moreover, 
GQDs exhibit quantum confinement, edge effects, carboxylic acids at the edges, and 
high surface area. As compared to the semiconductor quantum dots, they are non-
toxic. 

Besides the properties commented above, one of the most important and common 
feature for carbon nanoparticles showing quantum-confinement effect is the 
photoluminescence (PL) mechanism (i.e. GQDs and CQDs). Although it is still 
matter of debate, generally two mechanisms are accepted: one related to size-
dependent fluorescence from the quantum-confinement of the core, and the other 
from the surface (e.g. groups or surface defects).12,13,14 

 

1.1.2. Carbon Quantum Dots 
In 2006 Sun et al.,15 proposed the name carbon quantum dots (CQDs) reporting a 
post-synthetic route to enhance their emission via surface passivation. CQDs are 
quasi-spherical nanoparticles, in contrast as GQDs. The fluorescent nanoparticles, 
CQDs are formed by a crystalline core of a mixture of sp2 and sp3 carbon atoms with 
quasi-spherical shape. Generally, they present sizes below 10 nm, high chemical 
stability, strong PL with tunable excitation and emission, low toxicity and 
biocompatibility. Usually, CQDs have many carboxylic acid groups onto their 
surface, which impart them not only excellent water solubility, but also the possibility 
of post-synthetic surface functionalization. Moreover, they present quantum 
confinement as GQDs, this is the main feature to differentiate them among the others. 
Although, they can be considered as a non-toxic alternative for semiconductor, their 
usually low QYs strongly limit their real applications. 
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1.1.3. Carbon NanoDots 
C-Dots usually composed of spherical nanoparticles without crystal lattices are 
principally named carbon nanodots (CNDs). CNDs present the same properties of the 
aforementioned carbon nanoparticles: low toxicity, biocompatibility, chemical 
inertness, strong PL with tunable emission and easy to be functionalized with organic 
molecules, biomolecules or even nanoparticles, thanks to the functional groups that 
are present on the CNDs surface, such as acids and amines. Finally, one of the most 
important feature that is different between the several kinds of C-Dots is their 
emission mechanism of photoluminescence. On one hand, they all presented strong 
fluorescence with excitation wavelength dependence. On the other hand, the emission 
of CNDs could be attributed to the large heterogeneity in functional groups onto their 
surface, in all cases they always present emission PL properties without the presence 
of a fluorophore.19  

 

1.1.4. Polymer Carbon Dots 
C-Dots principally composed of a polymer structure rather than a graphitic one are 
usually named polymer carbon dots (PCDs) or polymer dots. PCDs present the 
structure of both C-Dots and non-conjugated polymers. The most important feature 
to distinguish this kind of C-Dots to the others is the carbonization degree, which is 
the lowest of the carbon family.16 

The typical model to distinguish PCDs from CNDs was studied by Li and co-
workers,17 and was based on the pyrolysis treatment of citric acid and 
ethylenediamine. In this work, the authors studied the synthesis of the dots modifying 
three parameters: the amount of the starting materials, the pH and the temperature. 
Afterwards, they analyzed all the products in terms of absorbance, QY and λex 
dependence. Especially the temperature was identified as an important factor: by 
using low temperatures (100-200 ºC) they obtained PCDs and by using high 
temperatures (200-300 ºC) they obtained CNDs (Figure 1.4).18 

 

Figure 1.4. Scheme of C-Dots obtained at different reaction temperature. Reprinted with 
permission from ref. 16. Copyright 2015 Royal Society of Chemistry. 
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1.2. Preparation of C-Dots 
Since their first preparation via arc-discharged in 2004,8 the production of C-Dots 
grew-up exponential. Nowadays, they can be synthesized via several techniques 
classified in two main groups: top-down and bottom-up methods (Figure 1.5). 
Especially green, easy, low-cost and large-scale approach are attracting attention. In 
Figure 1.5, a schematic representation of the formation of C-Dots via the two main 
methodologies is reported, together with the most common starting materials.  

In the following paragraphs, the general production of C-Dots it is described, with a 
special mention to CNDs that were used in this thesis. 

 

Figure 1.5. Schematic representation of the formation of C-Dots via top-down and bottom-
up methods. 

 
1.2.1. Top-down methods 
Top-down approaches consist of chemical, electrochemical and physical treatments 
of carbon structures, such as graphite or carbon nanotubes. These techniques can be 
especially being used for the large-scale production of CNDs.  

 
1.2.1.1. Arc-discharge  
Typically, arc-discharge consists in two graphite rods as electrodes with a small 
separation between the anode and the cathode. A direct (D.C) or alternate (A.C) 
current arc voltage is applied through the electrodes in low pressures of Argon or 
Helium atmosphere and high temperatures (Figure 1.6). After the current is applied, 
the nanomaterial is obtained by its condensation on the cathode. The quantity and 
quality obtained of C-Dots depend on several parameters, such as pressure, 
temperature and current. This technique was the first approach described to obtain C-
Dots (see section; 1.2 Preparation of C-Dots) and single-walled carbon nanotubes 
(SWCNTs).8,4 
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Figure 1.6. Schematic representation of the arc-discharge technique 
 
1.2.1.2. Laser ablation 
Laser ablation consists in a process where a laser beam, with a particular excitation 
wavelength, is focused on a sample surface, such as fullerene or CNTs, to remove 
material (i.e. ablation) from the irradiated zone in a specific time.20 The most common 
laser used is based on the neodymium-doped yttrium aluminum garnet, Nd:Y3Al5O12 
(Nd:YAG), which typically emit light with a wavelength of 1064 nm. However, their 
wavelength can be tuned up to the ultraviolet.21 Laser ablation procedures can be 
performed in solid state,15 vapor phase or in solution.22 Laser ablation techniques in 
solution are the less used, because of the effect that the physical parameters, such as 
laser wavelength and power impart on the size and optical properties. However, 
Reyes and co-workers reported the optimal conditions to synthesize CNDs by laser 
ablation in solution.22 They have observed that the emission of the CNDs can be 
correlated with the excitation wavelength and the time of the laser irradiation process, 
by investigating the following wavelengths and times of irradiation: 1064, 532, and 
355 nm for 150, 300, 600, and 900 s. TEM images revealed that the smallest CNDs 
were obtained at 355 nm and. It was observed that the PL emission depend on the 
time of irradiation since it was decreasing by increasing the irradiation time. In 
Figure 1.7 is reported a schematic representation of the experimental design for the 
preparation of the C-Dots by using laser ablation in solution. 
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Figure 1.7. The experimental setup used for the preparation of C-Dots by using laser ablation. 
Reprinted with permission from ref. 22. Copyright 2016 Springer.  

 

1.2.1.3. Electrochemical oxidation 
The preparation of CNDs via electrochemical oxidation take advantage of a simple 
and low-cost procedures. The most common electrode are based on graphite and 
platinum, while ionic liquids are the most used electrolytes.17,18  

Liu and co-workers described the preparation of C-Dots by using a conventional 
three-electrode cell with a graphite working electrode, a platinum counter electrode 
and Ag/AgCl as the reference electrode (Figure 1.8). A mixture of alkaline alcohols 
(e.g. NaOH/EtOH) was used as electrolyte.25 The as-prepared C-Dots solution 
presented a dark yellow color at room temperature and then tuned colorless at 4 ºC. 
This phenomenon was due to the oxygenation of surface species over the time. 
Moreover, the potential was found to affect the size with higher potential resulted in 
larger C-Dots. 

 

Figure 1.8. Schematic illustration for the production of C-Dots via electrochemical 
oxidation. Reprinted with permission from ref. 25. Copyright 2016 Royal Society of 

Chemistry. 
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1.2.1.4. Chemical oxidation 
The most common starting materials used for the formation of fluorescent carbon 
nanoparticles via chemical oxidation are natural carbon sources or side products 
generated in reactions or processes that involve carbon, such as carbon soot. The use 
of strong acids, such as nitric acid, is required in order to carried out the redox 
process.26,23 Via chemical oxidation of Chinese ink, Jiang and colleagues reported the 
large-scale preparation of C-Dots.27 More than 100 g of oxidized C-Dots doped with 
N, S, and Se by an in situ doping were prepared in one step (Figure 1.9). 

 

Figure 1.9. A schematic diagram of the preparation of C-dots by chemical oxidation. Adapted 
with permission from ref. 27. Copyright 2014 Royal Society of Chemistry.  

 

1.2.1.5. Ultrasonic synthesis 
During ultrasonication synthesis, ultrasonic waves or sound energy are applied on the 
starting precursors in solution with frequencies of (>20 kHz), these ultrasonic waves 
can cut macroscopic carbon nanomaterials into small pieces. In consequence, this 
process homogenizes and reduces the small particles in to the liquid and therefore, 
improves the uniformity and stability of the samples. The use of ultrasonic synthesis 
for the production of nanomaterials is a very powerful technique due to the high 
quality and quantity of the materials obtained. For instance, Kang and co-workers 
have produced carbon nanoparticles with excellent photoluminescent properties, via 
one-step ultrasonic synthesis.28 They have treated for 4 h glucose in an ultrasonicator 
and the as-prepared dots presented an emission photoluminescent spectra up to the 
near infrared (NIR). Besides, they claimed that their carbon nanoparticles presented 
excellent up-conversion fluorescent properties. 

 
1.2.2. Bottom-up methods 
Bottom-up approaches consist on the preparation of C-Dots from small organic 
precursors. The majority of the processes used for the production of C-Dots are based 
on bottom-up techniques. However, generally these techniques cannot be easily 
applied for a large-scale production. 
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1.2.2.1. Microwave synthesis 
Microwave-based synthesis is a very popular approach in material chemistry because 
it offers easy-fast and low-cost production. However, the production of C-Dots by 
microwave synthesis can result in a material with relatively low quantum yield 
(QY).29 The process can be hydrothermal or solvothermal and small organic 
molecules are the most used starting materials. It is well known that heating small 
organic molecules above their melting points leads to condensation, nucleation and 
finally the formation of C-Dots; all of this in one-step in a microwave reactor.  

Recently, Choi and colleagues reported the production of amphiphilic C-Dots via 
microwave-assisted synthesis.30 They used as starting materials citric acid and 4,7,10-
trioxa-1,13-tridecanediamine (TTDDA) as surface passivation agent. They 
performed a short synthesis in 5 min in the household microwave oven and they 
obtained C-Dots with a QY of 29 % and amphiphilic solubility in several solvents. 
Moreover, Arcudi and co-workers described the synthesis of nitrogen doped CNDs 
in a microwave reactor in 3 min.31 The resulting dots were purified by size exclusion 
chromatography and finally they presented sizes from 1.24 nm to 2.65 nm. 

 
1.2.2.2. Thermal decomposition 
The possible use of low-cost starting materials and the mild conditions offered make 
this technique a good candidate for an environmentally-friendly process. Moreover, 
this kind of approach can be performed without the use of solvents 

Reisner and co-workers described the synthesis of C-Dots starting from the thermal 
decomposition of citric acid under air at 180 ºC for 40 h.32 Enough time of heating 
was given to complete the reaction and then the resulting dissolution in water was 
neutralized to produce a concentrated brown solution of sodium carboxylate-
terminated C-Dots. Their dots presented a spherical shape with an average size of 6.8 
േ 2.3 nm. 

 
1.2.2.3. Hydrothermal treatment 
The procedure consists on a water solution of small organic molecules or natural 
compounds, such as waste peels seal in a reactor at high temperatures and pressures.33 
Lau and colleagues synthesized fluorescent carbon nanoparticles in one-step by using 
glucose as carbon source in a conventional microwave oven.34 The as-prepared C-
Dots have shown a QY from 7 to 11 %. Besides, they claimed that the QY is related 
to the reaction time. For instance, from 1 min to 6 min the QY was increased from 7 
% to 11 %. This phenomenon was due to the evolution on the dots along the time in 
the hydrothermal treatment. 
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1.3. Characterization of C-Dots 
Reliable characterization techniques are extremely important to study the chemical 
and structural characteristics of carbon nanomaterials and to recognize their possible 
modifications.35 The most common characterization techniques for CNDs, which 
were also used for this doctoral thesis were ultraviolet-visible (UV-Vis), fluorescence 
(FL), Fourier transform infrared (FTIR) spectroscopies, nuclear magnetic resonance 
(NMR), thermogravimetric analysis (TGA), transmission electron microscopy 
(TEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), 
dynamic light scattering (DLS), zeta potential (9-potential), matrix-assisted laser 
desorption ionization time-of-flight (MALDI-TOF) and Kaiser test (KT). In the 
following paragraphs, it will be described some of the major instrumental methods 
(Figure 1.10). 

 

Figure 1.10. Summary of the principles techniques for the characterization of C-Dots. 

 

1.3.1. Thermogravimetric analysis 
Thermogravimetric analysis or thermal gravimetric analysis (TGA) is an analytical 
technique used to determine the thermal stability of a material, the fraction of its 
components and impurities. It is based on recording the weight change as the 
temperature is increased on the sample, generally up to 800 ºC in inert atmosphere 
(N2 or Ar) or in air for carbon nanomaterials.36 

 

1.3.2. Transmission electron microscopy 
Transmission electron microscopy (TEM) uses a high-energy electron beam (up to 
300 kV) thus can penetrate several µm of a solid (Figure 1.11). When a crystalline 
solid is irradiated by a beam, the electrons are diffracted by the atomic planes into the 



Chapter 1 
 

  
14 

material, being possible to form a diffraction pattern of electron transmission,37 as 
first demonstrated by Thomson in 1927.38 Nevertheless, the electrons used for 
imaging can themselves cause damage and structural modification. In order to avoid 
this problem, the sample should be exposed to the electron beam for short periods. 
TEM provides direct images of atomic level (<1 nm). Thus, this technique gives 
morphological information, such as diameter and length. High-resolution TEM 
(HRTEM) can be used to observe the graphite lattice planes of the carbon core in 
CNDs, which are related to their crystalline nature. 

 
1.3.3. Atomic force microscopy 
Atomic force microscopy (AFM) generally consists in "feel" the surface of the 
sample with a sharp tip at the end of the cantilever (Figure 1.11). AFM measures the 
deflection of the cantilever tip caused by electrostatic and van der Waals interactions, 
as well as the attraction between atoms at the tip and the measured surface. Thus, 
AFM describes a three-dimensional image of the sample capable of providing 
information at any angle of its height, length, width or volume. Thanks to that, it is 
constructed a surface map of the topography of a sample with high resolution, with a 
range of work from 100 mm to the nanometer scale. In 1990 the instrument raised 
near-atomic resolution. Moreover, AFM is gaining tremendous importance due to its 
capability for imaging without causing appreciable damage onto the surfaces of the 
materials as TEM does. Usually, three types of modes are used for this technique, 
which are: the contact mode, non-contact and tapping mode.35 In this thesis, tapping 
mode was used. 

 

Figure 1.11. Digital images of TEM and AFM apparatus. 

 

1.3.4. X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is the most widely technique used in 
material science, which allows to detect, quantify and define the elemental 
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composition of the material surface (Figure 1.12). The material is irradiated with X-
rays, causing the emission of photoelectrons from the sample surface. Afterwards, a 
photodetector measures the intensity and the binding energy of the generated 
photoelectrons. Since each element has defined binding energies, XPS can be used in 
order to identify the element on the C-Dots surface and their chemical composition. 
Besides, semi-quantitative information about the elemental composition of carbon 
nanoparticles can be obtained with this technique. 

 

Figure 1.12. Schematic representation and digital image of the XPS technique. 

 

1.3.5. Dynamic light scattering 
Dynamic light scattering (DLS) is also known as photon correlation spectroscopy or 
quasi-elastic light scattering. It is one of the most used techniques to determine the 
physicochemical characteristics of nanomaterials, such as the hydrodynamic size, 
shape, and aggregation of the species. The samples are illuminated by a 
monochromatic laser and the scattering, depending on the Brownian motion, is 
measured by a detector. The Stokes-Einstein relation connects diffusion coefficient 
(Dh) measured by DLS from fluctuations with the velocity of the Brownian motion 
to particle size (Equation 1.1).39  

Equation 1.1            ܦ௛ ൌ ௄ಳ்
ଷగK஽೟

      

Where Dh is the hydrodynamic diameter, KB is the Boltzmann’s constant, T is the 
temperature, K viscosity and D diffusion coefficient. 

 

1.3.6. Zeta potential 
The zeta potential (9-potential) is generally used to study the behavior of solids in 
solutions, in particular the electrokinetic potential. Solids in solutions form a double 
layer or electrical double layer. Thus, 9-potential is the electric potential between the 
interfacial double layer the solid, which is generally measured by the velocity of the 
charged species towards the electrode in the presence of an external potential. The 9-
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potential indicates the electrostatic repulsion between similarly charged particles in a 
dispersion. Nanoparticles with a zeta potential between −10 and +10 mV are 
considered neutral, +30 mV are considered strongly cationic and less than −30 mV 
strongly anionic.39 

 
1.3.7. Matrix-assisted laser desorption 
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) is a useful 
technique that allows to determine the molecular weight of nanoparticles. This 
technique is based on the irradiation, typically with a nitrogen laser, onto a stainless 
steel that contains the crystals of the mixture sample-matrix. The sample sublimate 
to a gas phase where ionization of the sample. Afterwards, the analyzer TOF, 
measures the time of flight of the ions since they are accelerated, by the source, until 
they arrived to the detector.40 

 

1.3.8. Kaiser test 
Kaiser test (KT) is commonly used in the chemistry of peptides. Nowadays is extend 
to the semi-quantitative analyses of primary amino groups present in nanomaterials. 
KT, which is based in the specific reaction between free primary amino groups and 
ninhydrin, which affords a product with a deep violet blue color, known as 
Ruhemann’s purple (Figure 1.13). By measuring the intensity of the corresponding 
peak in UV-Vis spectrum, a semi-quantitative amount of amino groups can be 
calculated as follows (Equation 1.2).41 

Equation 1.2   μmol/g ൌ ୅570	∙	୚	∙	ଵ଴6

ε	∙	୫      

Where A570 is the absorbance at 570 nm, V is the final volume in ml, ε is the 
absorptivity of the colorful compound at 570 nm and m is the exact mass of the 
analyzed materials in mg. 

 
Figure 1.13. Reaction of ninhydrin with primary amines. 
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1.4. Properties of Carbon Dots 
1.4.1. Composition and structure 
C-Dots are quasi-spherical carbon nanoparticles with diameters between 2−10 nm. 
Furthermore, C-Dots can be amorphous or nanocrystals with sp2 carbon clusters. In 
contrast to the other C-Dots, all kinds of GQDs have a graphitic structure. Principally, 
C-dots present carboxylic moieties at their surface, with a wide range of oxygen 
contents, depending on the experimental conditions used. Thus, impart excellent 
solubility in water and biocompatibility.42 Moreover, they can be doping, a widely 
used approach to tune the PL properties. Several doping methods with various 
elements, such as N,43 S,44 and P,44 have been reported to tune the properties of the 
dots. 

 

1.4.2. Optical properties 
1.4.2.1. Absorbance 
C-Dots usually present a strong optical absorption in the UV region (260-320 nm) 
with a tail extending towards the visible range, which is attributed to the core and 
surface transitions states, such as n-π* which corresponds to the transition of C=O 
and π-π* due to the C=C transitions. However, depending on the production of the 
dots, their functional groups can be modified, therefore their optical absorption 
(Figure 1.14).42,42,45 

 

1.4.2.2. Photoluminescence  
The most important feature of C-Dots is the excitation-dependent photoluminescence 
(Figure 1.14). There is a controversy in the origin of this feature, scientifics proposed 
a different mechanism for each kind of C-Dots making clear a different between the 
C-Dots with quantum-confinement and the others.42,45,46 Recently, Feldmann and 
colleagues have reported the formation of the internal structure and therefore the 
study of the optical properties of C-Dots. The dots were synthesized via hydrothermal 
reaction from citric acid and ethylenediamine variyng the time of reaction.47 
Feldmann found that the C-Dots grow within 30 minutes of the reaction and 
maintained the size for the rest of the synthesis. Moreover, they showed that early on 
mainly fluorescent molecules formed, similar in structure to citrazinic acid. Along 
the time, aromatic domains appeared, grow in size and leading to additional 
absorption and PL at longer wavelengths. Finally, they concluded that the elucidated 
mechanism of the formation of C-Dots showed that it is possible to control the optical 
properties of the emitters through modifications on the synthesis procedures, such as 
the time.  

Several reports have showed that the fluorescence emissions of C-Dots are pH-
dependent, due to the presence of functional groups, such as -OH or -COOH groups, 
onto the surface of the dots, the fluorescence of C-Dots solution is very sensitive to 
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pH.48 Moreover, as compared to conventional organic or inorganic fluorophores, 
carbon dots present excellent photostability.49 

The efficiency of a fluorescence process is evaluated with the QY. The QY of the C-
Dots varies with the fabrication method and the surface passivation perform onto their 
surface.50 

 

Figure 1.14. UV-Vis absorption and photoluminescence emission spectra of carbon dots 
surface-passivated with PEG1500N. Adapted with permission from ref. 48. Copyright 2009 

John Wiley and Sons. 

 

1.4.2.3. Up-Conversion photoluminescence 
Nanoparticles with up-conversion photoluminescence (UCPL) properties absorb 
light in the infrared (IR) or near infrared (NIR) and emit light in the visible range (i.e. 
the emission wavelength is shorter than the excitation wavelength).51 In 2007 Cao 
from Clemson university reported the first C-Dots with UCPL properties.52 From that 
date several dots with UCPL features were emerging; however, the origin is not clear 
yet. Normal fluorescent spectrophotometer with lamps of xenon without the use of 
filters presented the second-order diffraction light, and this was understood as UCPL 
properties.53 Some publications have reported C-Dots with up-conversion 
phenomena, however those C-Dots presented a normal photoluminescence excited 
by the second-order diffraction light (λ/2) coming from the excitation 
monochromator. 

Today, UCPL particles are currently used for their use in in vivo bioapplications, due 
to their excitation in the NIR range where light absorption and scattering from 
biological tissues is minimum. 

 

1.4.3. Electrochemical properties 
The electrochemical properties of carbon dots could vary depending on the complex 
interplay of the material core, functional groups and heteroatoms, for that reason each 
nanomaterial has a specific application.54 In order to present efficient electron transfer 
properties, carbon dots should present a large specific surface area and abundant 
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edges sites, such as graphene quantum dots.55 Jing Zhao et al. described in 2011 a 
platform based on carbon dots for electrochemical biosensors, they could identify 
different molecules, complementary DNA or proteins.56 

 
1.4.4. Toxicity 
1.4.4.1. In vitro 
The investigation of the cytotoxicity of C-Dots have gained tremendous attention in 
the last decade in order to use them for the possible wide range of bioapplications. 
Cytotoxicity studies are based on colorimetric techniques, such as 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide assay (MTT) that can be used 
to test the cell viability. All the studies so far reported show that C-Dots are non-toxic 
up to high concentrations.57 

 
1.4.4.2. In vivo  
Apart from in vitro investigation, also the in vivo toxicity activity of C-Dots was 
investigated.45,46 The reported results show the non-toxicity of the dose used of C-
Dots. For instance, Yang and co-workers used CD-1 mice for the toxicity activity in 
vivo. The mice were exposed to three different dosages of C-Dots, 8, 40 and 0 mg 
(i.e. C-Dots-equivalent/kg body weight). The authors claimed that the doses applied 
to the mice did not show any significant toxic effects even at the 40 mg dose.57 

 

1.5. Applications of Carbon Dots 
In the following sections, it is presented an overview mainly on the C-Dots bio-
related applications and briefly on their use in chemical sensing, photocatalysis, 
electrocatalysis and optoelectronics.  

Among all the applications, chemical sensing is one of the most studied application 
of fluorescent carbon dots.46 It is based on the change in the dots fluorescence 
(intensity and/or emission wavelength) due to the presence of specific analytes.113,114 

In addition, their use in photocatalysis have won a position as greener alternative in 
organic synthesis. This was motivated for the use of the sunlight, which is the major 
and inexhaustible source of energy in the world. C-Dots offer an excellent potential 
for their use as an alternative photocatalysts. They show superiority in chemical 
stability, water solubility, excellent electron donors and acceptors, and low toxicity 
in comparison with the most common photocatalysts used, such as ZnO, TiO2 and 
CdS. The photocatalytic activity of C-Dots can be effectively modulated by doping 
the dots and modifying their surface groups.115,32 Furthermore, It was reported that 
doped nitrogen carbon nanomaterials improve their electrocatalytic efficiency.116 

Moreover, it is well known that semiconductor QDs are increasingly used for light 
emitting diodes (LEDs) fabrication. The technology for lighting and displays based 
on QDs is now approaching industrial applications. However, fluorescent carbon dots 
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have started to emerge as a non-toxic alternative to replace phosphors in white light 
emitting diodes (WLEDs),118,119 which normally are formed by toxic elements, such 
as cadmium. Among all the examples existing in the literature, optoelectronic 
applications are in its infancy, and the efficiency of the dots is expected to be further 
improved. 

C-Dots are good candidates for several applications, such as chemical sensing, 
photocatalysis, electrocatalysis and optoelectronics as was commented above. 
Among them, their bioapplications are attracting considerable attention and represent 
the main focus of this dissertation. 

First of all, why C-Dots appear as more promising and superior than other 
materials/nanoparticles for bio-related applications than other 
materials/nanoparticles? 

 

 

Figure 1.15. The most representative applications of carbon nanomaterials and common 
nanoparticles. 

 

Their higher non-toxicity and biocompatibility in comparison with other 
nanomaterials, such as inorganic quantum dots (QDs), gold and silver nanoparticles, 
graphene or CNTs, make C-Dots promising materials. Despite the great interest in 
developing biomedical applications with QDs, their potential toxicity limit further 
developments.60 Moreover, gold nanoparticles around 45 nm were found toxic with 
concentration of 10 μgꞏmL-1,61 although these results are not in agreement with others 
and, thus, more research is needed.62 Similarly, silver nanoparticles were found to be 
toxic.63 Graphene, CNTs or even fullerenes have been largely investigated for 
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bioapplications, even though they present low solubility in aqueous solution. 
Therefore, many non-covalent or covalent modifications have been exploited to 
enhanced their solubility or dispersion in aqueous solvent.64 

Consequently, the majority of carbon nanomaterials and nanoparticles that have been 
studied for bioapplications, present toxicity or solubility issues and their chemical 
modification is an essential step to improve their performance. 

On one hand, QDs have been successfully used for bioimaging due to their high 
quantum yield and narrow emission color purity without photobleaching.65 However, 
the efficiency of the cellular uptake is generally low. Thus, Hasegawa et al. used 
functionalized CHPNH2-QDs complexes, which were uniformly internalized into the 
cells for long-term live cell imaging. The interaction of QDs with cells was 
successfully controlled by the content of amino groups present in the linker.66 On the 
other hand, gold nanoparticles can be easily visualized inside the cells by two-photon 
absorption from a near-infrared ultrafast laser.67 

Turning to carbon nanomaterials, NIR excitation for raman imaging is one of the 
possible advantage in using CNTs, since minimize the autofluorescence of biological 
species and allow to decrease the photobleaching of CNTs.68 Particularly promising 
are hybrid materials, such as the ones graphene based. For instance, Zhang and co-
workers grew iron oxide nanoparticles on the surface of graphene oxide (GO) in order 
to create a hybrid materials to use as contrast agents in MRI.69 Another common 
strategy is the functionalization of carbon nanomaterials to make them water soluble 
in order to facilitate their use for bioapplications. Thus, in our group CNTs were 
functionalized via 1,3-dipolar cycloaddition reaction onto the external surface of the 
nanotube with N-protected amino acids, in order to obtain water soluble CNTs.70 In 
another example, Chen et al. fabricated nanofibers encapsulating fullerene 
functionalized with TEGs to in vitro biological imaging.71 

Drug delivery systems based on nanomaterials are enormously growing nowadays. 
Several drugs such as methotrexate,72 doxorrubicin73 among others were attached 
onto the surface of gold nanoparticles. Moreover, the surface of the gold 
nanoparticles can be easily modified by using polyethylene glycol (PEG) and the 
amphiphilic characteristics of the polymer enhance the stability of the material in 
physiological conditions.74 Likewise, semiconductor quantum dots can be modified 
with biocompatible materials or polymer, such as PEG, to promote their water 
solubility and biocompatibility. Zhang et al. reported a co-loaded system based on 
QDs and paclitaxel in combination with lipid systems. The lipid matrix provided the 
protection of PTX and QDs until the destined place inside the cells was reached.75 

Carbon nanotubes have demonstrated superior drug loading ability than other 
nanoparticle-based drug delivery systems.76 However, CNTs can show different 
levels of toxicity depending on their production method, composition and the applied 
dosage.77 Drug delivery systems based on graphene has been increasingly grow in 
recent years, due to its high specific surface area.78,79 Nonetheless, several C60 
derivatives, which are water soluble, were used as biomedical nanocarriers; for 
example paclitaxel,80 however the efficiency of the system was worse than the drug 
alone. 
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Nowadays, the development of new systems to treat brain diseases is a hot topic. 
Inorganic materials such as gold, silver or silica nanoparticles and inorganic quantum 
dots have been extensively studied for drug delivery to the brain.81 However, they 
could present some disadvantages since they could be not degraded or present 
undesired toxicity. Moreover, CNTs, graphene and fullerenes may lead to lipid 
peroxidation and oxygen radical formation into the brain.82 

Overall, from a critical point of view C-Dots may provide advantages for 
bioapplications over the aforementioned materials due to the unique properties that 
C-Dots present. 

 

1.5.1. Bioapplications 
Fluorescent carbon nanoparticles seems to play an important role for biomedical 
applications, such as biosensing,83 cellular imaging,84 drug delivery,85 and 
theranostics due to their fascinating features, such as water solubility, low 
toxicity,59,86 biocompatibility, ease of functionalization, chemical stability, and 
unique photoluminescent properties, e.g., excitation-dependent fluorescence 
emission that allow to minimize the biological background by increasing the Stokes 
shift.87 

 

1.5.1.1. Bioimaging 
Organic, inorganic fluorophores and QDs have been the most studied agents for 
bioimaging so far, both in vitro and in vivo.88,89 However, due to their possible 
hazardous nature and low solubility in aqueous media, C-Dots are emerging as an 
alternative for bioimaging applications.  

Sun and co-workers reported for the first time the use of C-Dots for bioimaging 
(Figure 1.16).52 They demonstrated the great potential for PEG1500N passivated C-
Dots to be internalized into human breast cancer (MCF-7) cells through two-photon 
luminescence microscopy. The dots exhibited bright luminescence in both the cell 
membrane and the cytoplasm regions. 

 

Figure 1.16. Two-photon luminescence image of MCF-7 after incubation for 2 h with C-Dots. 
Adapted with permission from ref. 52. Copyright 2007 American Chemical Society.  
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Afterwards, several intracellular imaging of the dots in different type of cells have 
been reported, such as cervix cancer cells (HeLa),90 human liver cancer cells 
(HepG2),90 and human lung cancer cells (A-549).91 In all these cases, C-Dots were 
found mostly in the cytoplasm and cell membrane and they did not reach the nucleus. 
In order to target the nucleus, Yang and co-workers modified the surface of the dots 
with a nuclear localization signal peptide.92 

The emission of CNDs towards the NIR region, would have a great impact for the in 
vivo fluorescence imaging. Yang’s group was the first to explore CNDs as contrast 
agents in mice.58 They modified CNDs with PEG1500N to inject them subcutaneously 
into the mice observing a good emissions (Figure 1.17). 

 

Figure 1.17. Intravenous injection of C-Dots: (a) bright field, (b) as-detected fluorescence 
(Bl, bladder; Ur, urine), and (c) color-coded images. Adapted with permission from ref. 58. 

Copyright 2009 American Chemical Society. 

 
1.5.1.2. Drug delivery  
Ideal nanoparticles for drug delivery are generally <100 nm in size, stables and they 
should present high drugs loadings or encapsulation, together with good 
biocompatibility and low toxicity.93,94 The most widely investigated drug delivery 
systems (DDSs) are based on silica,95 gold or silver nanoparticles,96,97 semiconductor 
quantum dots,98 dendrimers,99 carbon nanotubes,100 and liposomes.101 However, their 
potential toxicity limits their use in clinical therapy. Therefore, CNDs could be a new 
and suitable alternative for improved DDSs, by enhancing the water solubility of the 
drug, preventing severe side effects of many hydrophobic anticancer drugs used in 
chemotherapy, and efficiently delivering the drug.102,85 

Recently, Zhang’s group described amphiphilic C-Dots (ACD) as a versatile vector 
for nucleic acid and drug.103 The dots served as multifunctional platform for 
drug/gene delivery and bioimaging applications. This PEI 600 derived C-Dots 
presented micelles-like structures in water after the hydrophobic modification. Then, 
doxorubicin (DOX) was loaded by hydrophobic interactions onto the ACD. Confocal 
laser microscopy confirmed a high drug content and encapsulation efficiency of this 
system (Figure 1.18). 

 

 

  a)  b)  c) 
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Figure 1.18. a) Schematic illustration of DOX@ACD. b) Confocal laser scanning 

microscopy (CLSM) of A-549 cells treated with DOX@ACD. Adapted with permission 
from ref. 103. Copyright 2017 Royal Society of Chemistry. 

 
1.5.1.2.1. Drug delivery systems to target the brain 
Within drug delivery systems, the ones that target the brain are the most challenging. 
First of all, they have to cross the blood brain barrier (BBB). The BBB is a highly 
selective membrane that separates the circulating blood from the brain. Furthermore, 
it prevents selectively the entrance into the brain of toxins and circulating 
neurotransmitters.104 

Recently, it was reported for the first time the use of C-Dots for the Alzheimer disease 
treatment. For such kind of purpose, the BBB must be crossed.105 Han et al. delivered 
C-dots across the BBB in a zebrafish model using human transferrin. The synthesized 
C-dots were found to inhibit the β-secretases enzyme. These results demonstrate the 
potential application of C-Dots as new agents for AD treatment. 

 

1.5.1.3. Biosensing 
Biosensing plays a crucial role to detect essential changes in living cells, such as 
differences of pH, temperature and the presence of hazardous concentrations of 
biological species for an efficient diagnosis. Stable nanomaterials as CNDs with 
unique PL and electrochemical properties can act as a versatile platform in this field.45 
CNDs were reported as PL sensor for the detection of hazardous ions for the human 
health, such as Hg2+ and Pb2+, sugar, proteins, among other biomolecules, in large 
varieties of samples, including body fluids, food samples or cell cultures. Their 
employment is based on a PL turn-on and turn-off mechanism through the surface 
modifications from species able to produce fluorescence resonance energy 
transfer.106,107,108 Moreover, CNDs can detect differences on the cellular pH. Zhang 
and co-workers developed a pH sensor using C-Dots modified with fluorescein 
isothiocyanate.109 Furthermore, CNDs were efficiently used in immunoassays as 
fluorescent labels,110 or for the detection of drugs, such as Norfloxacin as it was 
reported by Yang.111 In 2011 Zeng et al. reported the detection of DNA with C-
Dots.112 They found that the methylene blue (MB) could bind the dots quenching their 

 1 h 

4 h
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emission that  was restored in the presence of DNA because of the specific MB-DNA 
interaction (Figure 1.19). 

 

Figure 1.19. Schematic representation of C-Dots biosensors for the DNA detection. 
Reprinted with permission from ref. 112. Copyright 2011 Japan Society for Analytical 

Chemistry. 

 

1.5. Impact of Carbon Dots 
Fluorescent carbon dots have gained tremendous attention in the last decade. Owing 
to that, thousands of papers have appeared exponentially, such as new synthetic 
methods from a variety of starting materials and for diverse applications. 

In Figure 1.20 it is reported the number of publications from the web of knowledge, 
since the discovery of fluorescent nanoparticles in 2004 up to 2016. It can be observed 
an exponential growth along the time with a significant increase in the last 5 years. 

 

Figure 1.20. Number of C-Dots publications from the web of knowledge. 

 

Among the thousand publications that can be found in literature (Figure 1.21), it can 
be especially observed an increased recent attention in exploring their use various 
application fields. However, the key challenge for most of these applications is to 
improve the photoluminescence properties and quantum yield of carbon dots. A lot 
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of efforts need to be done in order to propose simple and reliable synthesis of dots 
with defined properties for ad hoc applications.  

 

Figure 1.21. Timeline of the major milestones in the field of C-Dots. 
 

 

1.6. Overview of the dissertation 

This thesis tries to contribute and understand the surface modification of C-Dots and 
their impact towards biomedical applications. The work has been divided into three 
main chapters, as presented below.  

Chapter 2 demonstrates the synthesis of highly fluorescent and water-soluble 
nitrogen-doped CNDs, without the need of sophisticated equipment and/or additional 
surface passivation.  

Chapter 3 showcases our efforts towards the modification of CNDs for preparing 
hybrid materials for diverse bioapplications.  

Chapter 4 presents the in vitro bioapplications of the materials describe in chapter 3 
as drug delivery systems, bioimaging agents and nanocarriers. Moreover, the effect 
of a protein corona around CNDs on their cellular uptake it is studied, since it is a 
prerequisite for their successful use for such applications. 
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“Chemistry, unlike other sciences, sprang originally from delusions and 
 superstitions, and was at its commencement exactly on a par with magic and astrology” Dr. 

Thomas Thomson  
 
 
 
 

2.1. Introduction 
The synthesis of novel CNDs has gained tremendous attention in the last decade, due 
to their excellent properties discussed along the Chapter 1. In particular, the use of 
green chemistry methods is of particular interest.120 They have been preferred over 
the traditional approaches, in order to minimize the use and/or the production of 
hazardous substances. Moreover, a great deal of attention has been paid to cost and 
time-effective synthetic processes in line with a sustainable synthesis. This could be 
achieved using natural sources, such as wood, sucrose or low-cost starting materials 
for the synthesis of the dots, together with facile purification procedures. 

Amongst the different types of CNDs, nitrogen-doped CNDs (NCNDs) have usually 
higher quantum yield (QY) than non-doped CNDS (i.e. improvement of the optical 
properties), so that they are the most commonly used recently.121,122 Moreover, it was 
demonstrated that NCNDs have better performance for bioimaging because of 
stronger resistance to photobleaching as compared to undoped CNDs.123 Various 
nitrogen-rich molecules, such as diethylenetriamine (DETA),124 ethylenediamine 
(EDA),16 urea,125 and tris(hydroxymethyl)methyl aminomethane (Tris)126 have been used 
to as precursors for NCNDs. A common synthetic approach is based on hydrothermal 
treatment, which usually requires several hours and high reaction temperatures and/or 
pressures. Microwave-assisted hydrothermal method is nowadays preferred because it 
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offers shorter reaction time, less energy consumption, easy operation, and 
environmental friendliness.127,128 

Purification techniques are an essential step of the synthetic process of nanomaterials 
and dialysis is one of the most used techniques. It offers a simple and effective 
method for the purification of narrowly distributed nanomaterials.129 It is based on a 
diffusion process, i.e. substances move from an area of high concentration to an area 
of low concentration, maintaining the equilibrium in both sides. 

Characterization is the last fundamental step by which the structure and the properties 
of the prepared materials are measured and studied. The most used techniques for the 
characterization of C-Dots are fully described along the Chapter 1. 
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2.2. Aim of the work 
The main aim of this chapter is obtaining highly water soluble CNDs with excellent 
photoluminescence properties and several functional groups on their surface that can 
be used for their post-synthetic functionalization, as it is discussed in Chapter 3. For 
this propose, low-cost precursors will be used. Moreover, the prepared CNDs must 
show non-toxicity and biocompatibility for the desired bioapplications that will be 
discussed in Chapter 4. 

In particular, a microwave-assisted hydrothermal synthesis of NCNDs that has been 
already developed in our research group will be used.31 Indeed, as it was discussed in 
the introduction of this dissertation (Chapter 1), microwave-assisted synthesis are 
ideal methods to prepare high-quality CNDs in an easy-fast way. After their 
purification, the characterization of the as-prepared NCNDs, by employing UV-Vis, 
FL, FT-IR, DLS, AFM, TEM and XPS techniques will be presented. 
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2.3. Results and discussion 
2.3.1. Synthesis of CNDs 
Highly fluorescent water-soluble NCNDs were synthesized by one-step microwave-
assisted hydrothermal synthesis using L-arginine (Arg) and ethylenediamine (EDA) 
as both carbon and nitrogen sources (Figure 2.1).31 It is already reported that the use 
of amines coming from EDA give some of the NCNDs highest fluorescence quantum 
yield.130,131 Amino acids were used due to their abundance, inexpensive, 
biocompatible and ecofriendly nature. They possess both amino and carboxyl groups 
and may serve as an ideal molecular precursor for CNDs Moreover, microwave-
assisted methods appear to be a more feasible synthetic technique because they are 
simple, fast and energy efficient. The as-prepared dots are highly soluble in water and 
methanol, according to their hydrophilic nature.  

 
Figure 2.1. Microwave-assisted hydrothermal synthesis of CNDs by using arginine and 

ethylenendiamine as precursors. 

 
Processes of condensation and nucleation finally result in the formation of the CNDs. 
During the synthesis, the solution changed color from transparent to dark brown, as 
a result of the NCNDs formation (Figure 2.2). 

 

Figure 2.2. Photographs of the vial during the microwave synthesis of CNDs. 
 
 
 
 

1 2 3 
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2.3.2. Purification 
After the heating process, the as-prepared CNDs were dissolved in water and filtered 
through 0.1 µm microporous membrane to remove large carbon nanoparticles. The 
filtered solution was dialyzed against water for 48 h, until no basic solution was 
detected in the wasted waters, due to the unreacted EDA or other small organic 
molecules. Finally, the CNDs were freeze-dried obtaining a yellowish powder.  

 
Figure 2.3. Photographs of the a) crude CNDs, b) dialysis procedure and the resulting c) 

CNDs powder. 

 

2.3.3. Characterization 
The as-prepared CNDs were characterized by UV-Vis, FL, FT-IR, XPS, TEM, AFM 
and DLS techniques. The UV-Vis spectrum presented a broad UV absorption band 
with a tail extending up to the visible region (Figure 2.4). Absorption edge at around 
275 nm could be due to the S–S* transition which confirms the existence of aromatic 
S- system in the dots.11,12 

 
Figure 2.4. UV-Vis spectrum of CNDs in water. 

b) a) c) 
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The fluorescence emission (Figure 2.5) of CNDs showed the typical excitation-
dependence of the nanomaterials,134 but they did not show up-conversion properties. 
The maximum emission intensity at 365 nm is observed with an excitation 
wavelength of 300 nm, and the emission peak red shifts increasing the excitation 
wavelength. Moreover, the quantum yield (QY) of the nanoparticles was determined 
by a comparative method using quinine sulfate in 0.1 M H2SO4 (QY= 54 %) as 
reference standard.135 The relative value of QY under excitation of 300 nm was 
evaluated as 15 %, which is higher or comparable with most of the nitrogen 
containing carbon dots reported so far.130,131  

 
Figure 2.5. FL emission spectra of CNDs at different excitation wavelengths in water. 

 
Figure 2.6 reports the photographs of the solutions of CNDs in H2O in daylight and 
under UV light exhibited a high solubility in water (up to 80 mg∙mL-1)31 and also in 
common polar organic solvents. Moreover, a high stability of the solution in water 
was observed.  

 
 

Figure 2.6. Photographs of CNDs in H2O a) in daylight and b) under UV light (365nm). 

 

a) b) a) 
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Furthermore, the structure and composition of the CNDs were determined by FT-IR 
and X-ray photoelectron spectroscopy to gain more information about CNDs. The 
surface of the dots present many O and N functional groups and a representative 
structural unit was reported by our group (Figure 2.7).31 

 

Figure 2.7. Representative structural composition and functional groups of CNDs.31 

 
FT-IR spectroscopy was employed in order to identify the NCNDs surface functional 
groups (Figure 2.8). First, the broad peak centered at 3322 cm-1 was attributed to the 
O–H or N–H stretching vibrations. The C–H stretching vibration was showed by the 
peaks at 2946 and 2866 cm–1, while the peaks between 1550 and 1750 cm-1 were 
attributed to C=O, C=N stretching vibration bands and N–H bending bands. Peaks in 
the range 1330-1480 cm-1 corresponded to a combination of a C–N stretching and C–
H bending bands.16,17 Therefore, the existence of hydroxyl, carboxyl and amino 
groups was clear. These functional groups contribute to the hydrophilicity and 
stability of the CNDs in aqueous medium as was observed in Figure 2.6. In addition, 
the presence of a high amount of amine groups (1053 μmolꞏg-1) was also confirmed 
by Kaiser Test.41   

 
Figure 2.8. FT-IR spectrum of CNDs. 
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XPS measurements were carried out to confirm the surface composition of CNDs. As 
shown in Figure 2.9, the C 1s 285.2 eV, N 1s 388.5 eV and O 1s 531.3 eV peaks 
were the three major elements observed for the pristine CNDs, having 70.1, 18.5 and 
11.4 atom %, respectively.31 The high-resolution C 1s spectrum was deconvoluted 
into four signals corresponding to sp3 C-C and C-H bond at 285.0 eV, C-N and C-O 
bond at 286.1 eV, C=N and C=O at 287.7 and COOH bond at 288.6 eV, respectively. 
Moreover, N1s spectrum was deconvoluted into three peaks centered at 398.9 eV 
corresponding to C=N, NH2 and C-N-C at 399.7 eV and N-C3 at 401.2 eV. Finally, 
the peak associated with the O 1s was deconvoluted into two signals corresponding 
to the C=O at 531.3 eV and C-O bond peaks at 532.9 eV (Figure 2.9, Table 2.1). 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 
 
Figure 2.9. a) XPS survey spectrum of the CNDs and the deconvoluted of b) C 1s, c) N 1s 

and d) O 1s spectra. 
 
 
 
 
 
 

b) 

d) c) 

a) 
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Table 2.1. Binding energy and percentage of C, N, and O atoms in CNDs as determined by 
XPS measurements. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
TGA measurements were carried out in order to study the thermal stability and the 
weight loss with respect to the temperature. The TGA analysis (Figure 2.10) showed 
that CNDs were stable up to 130 ºC and loss of weight resulted afterwards. The latter 
at 178 ºC could be related to the degradation of associated chemical moieties with the 
dots (i.e. water molecules and other species attached through weak hydrogen 
interactions). Besides, it was observed another loss of weight of around 16 % at 350 
°C which may be due to the variety of aliphatic moieties from the dots. Subsequently, 
the degradation of the aromatic functional groups. Finally, it was observed the weight 
loss of about 90 % surface functional groups at 800 ⁰C. 

 
Figure 2.10. Thermogravimetric analysis under N2 purge with a heating rate of 10 °Cꞏmin-1. 

 
The size and morphology of the CNDs were determined by transmission electron 
microscopy (TEM) and atomic force microscopy (AFM). Negative staining technique 
was used to enhance the contrast in TEM and thus allowing an easier visualization of 

C 1s 285.2 eV 70.1 % 
C-C/C-H 285.0 53.1 
C-O/C-N 286.1 29.9 
C=N/C=O 287.7 10.4 
COOH 288.6 6.6 
N 1s 388.5 eV 18.5 % 
N=C 398.9 29.0 
NH2/ C-N-C 399.7 64.0 
N-C3 401.2 7.0 
O 1s 531.3 eV 11.4 % 
O=C 531.3 90.1 
O-C 532.9 9.9 
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the CNDs.136 As can be observed in Figure 2.11 the CNDs are mostly spherical dots 
and quite monodisperse, with an average size of 4.4 ± 0.9 nm. Moreover, it was 
carried out HRTEM studies of CNDs, the images of the dots revealed the non-
crystalline nature of the particles, which is a typical feature of carbon nanodots in 
contrast to carbon quantum dots.134 

  

Figure 2.11. a) Negative staining TEM image of CND with the corresponding b) size 
distribution histogram. 

 

AFM images revealed that CNDs were composed of small spherical particles with a 
size distribution in the range between 1 nm and 7 nm, with an average size of 3.7 ± 
1.8 nm, as determined by statistical analysis of about 100 particles (Figure 2.12). 
Interesting, it was found that the dots had a very strong tendency of self-aggregation 
during the AFM preparation. Thus, highly diluted samples were used. 

 

 

a) b) 

a) b) 
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Figure 2.12. a) AFM topography image of CNDs on a mica substrate, b) the corresponding 

height-profile analysis along the line and c) the size distribution histogram. 

 
To confirm TEM and AFM results, the dynamic light scattering (DLS) measurements 
further indicated that the CNDs in phosphate buffer solution at pH 7.4 had an average 
diameter of 8.3 ± 0.7 nm (Figure 2.13). As expected, the hydrodynamic diameter was 
reasonably higher from that obtained by TEM and AFM due to their hydration in 
solution. 

 
Figure 2.13. Hydrodynamic diameter dh analysis determined by DLS. 

 
By laser doppler anemometry (LDA) analysis, the surface charge of CNDs in 
phosphate buffer at pH 7.4 was measured and a zeta potential value of +5.4 ± 1.4 mV 
was obtained. This slight positive value suggested the presence of protonated amine 
functionalities and indicated the higher amount of amino groups as compared to 
hydroxyl- and carboxylic-based groups. The latter observation was further supported 
by gel electrophoresis. The Figure 2.14 showed the CNDs upon visible and 

c) 
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ultraviolet light illumination of 1.5 % agarose gels. CNDs migrated to the negative 
pole indicating that they were positively charged.  

 
Figure 2.14. Images upon Vis and UV light illumination of 1.5 % agarose gels taken after 

running the CNDs. 
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2.4. Conclusions 
In the first part of this chapter, a simple and controllable microwave-assisted 
hydrothermal synthesis of nitrogen-doped CNDs was performed. Arg and EDA were 
used as both carbon and nitrogen sources, and the nanodots were obtained after three 
minutes of heating, by following a synthetic protocol recently published from our 
group. This synthetic approach adheres to the green chemistry principles and holds 
promise for the development of CNDs for bioapplications. 

Furthermore, it was reported the characterization of the prepared material by 
employing UV-Vis, FL, FT-IR, AFM, TEM, DLS and XPS techniques. CNDs 
showed tunable fluorescence emission, with sizes below 10 nm, excellent solubility 
in water and several functional groups onto their surface.  

Finally, the as-prepared dots presented a wide range to perform easily 
functionalization due to several functional groups on their surface, such as amines. 
This will be discussed in the Chapter 3.  
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“It is sometimes said that organic synthesis is at the same time an exact science 
 and a fine art.” Nobel Laureate Dr. Robert B. Woodward 

 
 
 
 
3.1. Introduction 
Surface functionalization, modification or engineering is a powerful tool to tailor 
nanomaterials for the desired applications, also adequate the surface of this 
nanoparticles for the interaction with the environment.137,138 CNDs have the ability to 
improve the properties of drugs, such as solubility and the circulation time in the 
body. Nevertheless, without surface modification, the pristine nanomaterials reduce 
their use on bioapplications. The surface of CNDs presents several reactive groups, 
such as amines and acids, which can be functionalized post-synthetically with 
organic, polymeric, inorganic or biological materials with specific functions.137,2,3 
Moreover, among all the excellent properties that CNDs present, such as their strong 
photoluminescence, biocompatibility and non-toxicity, make them promising 
candidates for biomedicine; thus, it is not a surprise the exponential interest emerged 
in the last years.42 

Surface functionalization of CNDs consists, as was mentioned above, in introduce an 
effective linkage to connect them better to the field of bioapplications, such as 
bioimaging, drug delivery systems and theranostics. For instance, in this thesis, 
CNDs were modified with: (i) polyethylene glycol chains in order to avoid CNDs to 
be detected by the immune system; (ii) maleimide for further attachment of 
biomolecules; (iii) iron nanoparticles to create multifunctional nanoplatforms for 
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magnetic resonance imaging; (iv) drugs for drug delivery systems and (v) proteins. 
For this commitment, the dots were mainly functionalized via covalent approaches, 
thanks to the amines that our CNDs present on their surface. Moreover, CNDs were 
functionalized via non-covalent with proteins, in order to avoid the structural 
modification of the proteins. 

Numerous methods have been employed for the surface modification of fluorescent 
carbon nanoparticles: heteroatom-doping,122 surface passivation,139 covalent and non-
covalent functionalization. In this thesis, we will explore the two main methodologies 
based on covalent and non-covalent modifications (Figure 3.1).  

 

Figure 3.1. Methodologies for the surface modification used for C-Dots. 

 
3.1.1. Covalent functionalization  
This functionalization is based on the covalent attachment of functional molecules to 
the surface of CNDs. The formation of a covalent bond generally presents a high 
stability; besides, starting points for further modifications can be created. 

CNDs, as commented in Chapter 2, present several functional groups on their surface, 
most of the groups are amines. Amines can contribute to numerous reactions, 
including amidation reactions. Below, we will discuss the covalent methods used in 
this thesis and the most used in literature. 
 

3.1.1.1. Carbodiimide chemistry  
Carbodiimide chemistry is one of the most exploited functionalization techniques 
used to conjugate various organic, polymeric, inorganic or biological materials 
terminated with amine or carboxyl onto the surface of CNDs coated with carboxylic 
or amine groups.140 Typically, carboxylic groups are firstly activated by 
ethyl(dimethylaminopropyl) carbodiimide(EDC)/N-hydroxysuccinimide (NHS), and 
then reacted with the free amino groups.  
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For instance, the group of Chen applied the EDC chemistry to create a theranostic 
system based on chlorine e6-conjugated C-Dots.141 Specifically, the carboxylic 
groups of chlorine e6, a photosensitizer used in photodynamic therapy, were activated 
with EDC/NHS in order to react with the amine groups of C-Dots, to covalent 
attached chlorine e6 through amide bonds. It is worth noting that amidation of C-Dots 
is one of the most exploited functionalization technique in this thesis, due to the high 
amount of amines onto the CNDs surface. 

 
3.1.1.3. Reaction between amino and isothiocyanate groups 
Isothiocyanate group –N=C=S can very easily react with amines. For instance, Ma 
and co-workers described a tunable ratiometric pH sensor based on C-Dots.142 The 
sensor was fabricated by conjugating fluorescein isothiocyanate (FITC) and 
rhodamine B isothiocyanate (RBITC) onto the amino-coated C-Dots. In detail, the 
amino-coated CNDs solution was treated with FITC and RBITC at different molar 
ratios in 0.1 M NaHCO3 solution at room temperature overnight. Then, the system 
was finally purified by thorough dialysis and gel chromatographic separation. 
Similarly, functionalization of C-Dots with isothiocyanate group –N=C=S allowed 
Du et al. to create a pH ratiometric fluorescent nanosensors based on C-Dots and 
FITC.143 

 
3.1.1.4. Atom transfer radical polymerization 
Atom transfer radical polymerization (ATPR) was described for the first time by 
Matyjaszewski’s research group and consists in a controlled “living” polymerization 
based on the use of radicals to convert monomers to polymers.144 Radical 
polymerization, can polymerize hundreds of monomers, copolymerize two or more 
monomers, and can be performed in water as emulsions or suspensions.145,146 

The Liu et al. in 2014 reported the creation of a multifunctional platform for serum 
resistant gene delivery and bioimaging through ATPR reaction.147 In detail, the 
surface functionalization of the dots was prepared via ATPR reaction between the 
ATRP initiator Dots-Br and the polycation-b-polysulfobetaine block copolymer, 
chemical known as poly-[2-(dimethylamino) ethyl methacrylate]-b-poly[N-(3-
(methacryloylamino) propyl)-N,N-dimethyl-N-(3-sulfopropyl) ammonium 
hydroxide] (PDMAEMA-b-PMPDSAH). Then, the mixture was dialyzed against 
deionized water for 7 days to completely remove the unreacted products. The final 
dots acquired new properties for biological applications, such as gene delivery and 
imaging. 

 
3.1.2. Non-covalent functionalization 
Non-covalent functionalization of CNDs has been extensively studied since it 
presents the main advantage of not affecting the properties of the dots.138 However, 
non-covalent interactions are weaker than covalent bonds and non-covalent 
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functionalization is generally less stable than the covalent one. This modification 
method is based on non-covalent interactions as van der Waals forces, π-π aromatic 
stacking, electrostatic interactions or hydrogen bonds. There are many examples in 
the literature with different biomolecules, including proteins, enzymes, 
oligonucleotides or DNA.148,149,150 

 
3.1.2.1. Electrostatic interactions  
Electrostatic interactions are based on forces between the different electrical charges 
of the atoms. Usually occur between atoms that present a completely positive charge 
and a completely negative charge. Recently, Wu et al. argued that charged C-Dots 
can be functionalized by materials with opposite charges via electrostatic 
interactions.151 To prove it, they developed a theranostic nanoagent for gene delivery 
in lung cancer therapy using modified carbon dots and siRNAs. Similarly, Datta and 
co-workers prepared a fluorescent hybrid with controlled selective labelling of the 
cell nucleus and the cytoplasm.152 Specifically, the dots were modified by anionic 
graphene oxide sheets via electrostatic interactions. 

 
3.1.2.2. Hydrogen bonds 
The hydrogen bond consists in an electrostatic attractive force, between an 
electronegative atom and a hydrogen atom covalently attached to another 
electronegative atom. By way of illustration, Liu et al. developed a novel turn-on 
biosensor based on the fluorescence of C-Dots.153 For this purpose, they 
functionalized carboxy coated C-Dots with folic acid via hydrogen bond. Folic acid 
was mixed with C-Dots in solution. After being stirred for 10 min, the mixture was 
dialyzed for 2 h to remove the excess of folic acid. 
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3.2. Aim of the work 
The surface modification is a powerful method to tune the surface properties of 
materials for selected applications, as commented along the previous introduction. In 
this chapter, CNDs will be functionalized and, therefore, characterized in order to be 
applied for the desired bioapplication (Chapter 4). 

Figure 3.2 collects a general design of this chapter. In the center, CND is represented, 
around it all the derivatives used for the functionalization with specific purposes: (i) 
pegylated molecules called also “Stealth Molecules”,154 are used in order to avoid the 
formation of the protein corona and therefore the detection of the dots by the immune 
system, (ii) maleimide can be used as target molecule for additional attachment of 
SH groups present in several biomolecules; (iii) cyanine dye is used for bioimaging; 
(iv) iron nanoparticles for further bio-applications such as bioimaging or therapeutic 
functions, which make them promise multifunctional nanoplatforms for both 
diagnosis and therapy; (v) drugs, such as Taxol and Chlorambucil to make drug 
delivery systems and (vi) proteins, to study the cell internalization (studied developed 
in collaboration with Dr. Carolina Carrillo-Carrión).  

 

Figure 3.2. General design of CNDs functionalization and their possible bioapplications. 
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3.3. Results and discussion 
Within this section, modification of CNDs with different organic molecules, iron 
nanoparticles, drugs and proteins will be described by using different synthetic 
approaches: covalent and non-covalent approaches. Moreover, studies about the 
influence of the equivalents functionalization of CNDs will be presented. 

 
3.3.1. Covalent functionalization 
3.3.1.1 Organic molecules 
3.3.1.1.1. CNDs-DEGd 
One of the most interesting properties of CNDs is fluorescence. For this reason, the 
functionalized nanomaterial should maintain this feature, among the others. 
Therefore, in a first functionalization a study of the influence of the equivalents was 
performed in this chapter. The first functionalization of CNDs was carried out with 
[2-(2-Methoxyethoxy)ethoxy]acetyl acid (4) (DEGderivative, DEGd) through 
carbodiimide chemistry, with EDC/NHS as coupling agents (Figure 3.3).  

 

 
 
 
 
 

Figure 3.3. Functionalization of CNDs via amide bond formation. 

 
In the first step, a scan of different equivalents of organic molecule 4 was carried out 
(Table 3.1, Figure 3.3). More specifically, the molar ratio was increased, therefore 
their fluorescence properties, among others, will be modified.  

Once that our functionalized nanomaterial was obtained and purified, a Kaiser test 
was performed in order to estimate the degree of reacted amines. As Table 3.1 
showed, the amounts of amines decreased (the initial amount of CNDs batch was 
1256 Pmolꞏg-1). An unexpected result was observed in Entry 3 (Table 3.1) which 
could be related to the saturation point of amine groups, that was reached with 2.5 
equivalents of DEGd. 
 
 
 
 
 

3 4 5 
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Table 3.1. Optimization of the functionalization and Kaiser test results. 
 

 
 
 
 
 
 
 
 
 

 

The blue spectrum represented Figure 3.4 showed the characteristic band of 1706 
cm-1, which indicates the presence of amide (O=C-NH) in CNDs-DEGd. The broad 
band centered at 2800 cm-1 (Q C-H stretching vibrations) in DEGd it was observed in 
CNDs-DEGd, indicating that CNDs were modified to CNDs-DEGd successfully. 

 

Figure 3.4. FT-IR spectra of CNDs-DEGd, DEGd and CNDs. 

 
The FT-IR spectra of 5 (Figure 3.5) showed the same composition for all the CNDs-
DEGd materials. An increase in the relationship between the amide and amine band 
was observed, i.e. the band at 1706 cm-1 corresponding to amide band increased 
meanwhile the amine at 1566 cm-1 remained (Entry 1 and Entry 2), thus confirming 
a higher degree of amidation. 

ENTRY CNDs 
(equiv) 

4 
(equiv) 

KAISER TEST 
(Pmolꞏg-1) 

1 1 1 263.2 

2 1 2.5 89.4 

3 1 5 90.9 
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Figure 3.5. FT-IR spectra of the different reactions for CNDs-DEGd (Table 3.1). 

 
UV and fluorescence measurements were performed with the same concentration 
(0.05 mgꞏmL-1), solution and cuvette in order to minimize errors. As the following 
figures showed (Figure 3.6), a shift in the UV spectra of the CNDs-DEGd was 
produced, due to the increase of functionalization along the entries. Moreover, the 
low intensity of the Entry 2 (Table 3.1) could be due to the same reason of the result 
of the Kaiser test mentioned above (related to the saturation point of amine groups). 
Furthermore, the fluorescence measurements showed a decrease of the intensity 
compared to pristine CNDs, as expected, due to the changes in the surface. 
Additionally, the Entry 2 (Figure 3.6c) showed a different excitation maximum 
wavelength comparing with the pristine of CNDs, which showed their maximum at 
300 nm (See Chapter 2).  
 

 

 

 

 

 

 

 

 

a) b) 
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Figure 3.6. a) UV-Visible spectra of CNDs and CNDs-DEGd in water. Fluorescence 
emission spectra at different excitation wavelengths of CNDs-DEGd b) Entry 1, c) Entry 2, 

d) Entry 3 (Table 3.1) in water. 

 
Moreover, the QY was calculated in order to compare the fluorescence efficiency. A 
decrease of the QY, in relation with the increased of the equivalents, was observed. 
From QY = 17 % of pristine CNDs down to QY = 11 % of the most functionalized 
CNDs-PEG (1:5 equivalents). 

Furthermore, AFM measurements revealed almost no differences between the entries 
of Table 3.1. However, in Figure 3.7 was graphed the AFM images of CNDs-DEGd 
for the Entry 3 (Table 3.1) with an average size of approximately 4.8 ± 1.2 nm.  

 

a) b) 

c) d) 
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Figure 3.7. a) AFM image and b) height profile along the line of CNDs-DEGd and c) size 
histogram of CNDs-DEGd. 

 

Finally, the 1H NMR of the functionalized nanomaterial was carried out. One of these 
experiments was chosen, more specifically the Entry 2. The 1H NMR of CNDs-DEGd 
did not display the typical peak of the acid from the molecule 4 and presented two 
additional peaks around 5.6 and 6.5 ppm from the amide bond and the typical signals 
of the starting material (Figure 3.8). Furthermore, the shape of the signal could 
correspond to this kind of groups. It is important to remark that dialysis with water 
was used to remove all the excess of the activated acids, which is hydrolyzed in water 
and returns to the acid form.  

 

Figure 3.8. 1H NMR of a) CNDs-DEGd and b) DEGd in CDCl3. 

 

a) 

b) 

c) 

5 
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To conclude, a change of the CNDs solubility was observed by functionalization with 
the molecule 4, from partially soluble to totally soluble in chloroform and the 
solubility in water was retained. As showed aforementioned results, the 
functionalization of CNDs occurred successfully. 

In order to confirm the results of the functionalization of PEG. We tried the same 
functionalization with acyl chloride without the use of coupling agents as EDC/NHS 
that could be retained in our final nanomaterial, and go unnoticed with the 
characterization techniques. First of all, it was need the functionalization with thionyl 
chloride of the [2-(2-methoxyethoxy)ethoxy]acetyl acid (Figure 3.9).155 Then, after 
working up the reaction the [2-(2-methoxyethoxy)ethoxy]acetyl chloride (6) was 
characterized by 1H NMR (see details in experimental section, Appendix). Finally, 
the acyl chloride 6 was reacted with pristine CNDs using the same equivalents of 
Entry 2 (Table 3.1), in the presence of N,N-diisopropylethylamine (DIPEA). 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3.9. Synthesis of the desired [2-(2-Methoxyethoxy)ethoxy]acetyl chloride 6, and 
post-functionalization of CNDs via amide formation. 

 
All the characterization techniques suggested the same results for the 
functionalization of the Figure 3.9 in comparison with Figure 3.3. Thus, all the 
results indicated that the final nanosystem can be obtained from different starting 
materials and coupling agents. Moreover, we confirm that dialysis was able to purify 
the non-desire products, as we obtained the same results from different synthesis. 

Moreover, in order to expand the CNDs candidates for our final bioapplications, the 
carbon dots were modified with a PEG chain, specifically PEG400 (see details in 
experimental section, Appendix).  

 

 
 

4 6 

3 6 5 
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3.3.1.1.2. CNDs-Maleimide 
The preparation of the next nanosystem was carried out with N-succinimidyl 3-
maleimidopropionate, the maleimide derivative 7, previously synthesized in our 
group by Dr. Arturo Juzgado. Maleimide can be use as target molecule for additional 
attach of -SH groups, which are present in several biomolecules (Figure 3.10). This 
functionalization was carried out with a maleimide derivative activated with NHS 
ester. Then, following the same study of equivalents that were mentioned above 
(Table 3.2). The results of the Kaiser tests showed that the amount of free amines 
was decreased when more equivalent of maleimide derivative 7 was used.  
 
 
 
 
 
 
 

Figure 3.10. Functionalization of CNDs via amide formation. 

 
Table 3.2. Optimization of the functionalization and Kaiser test results. 

 
 
 
 
 
 
 
 
 
 
The entry 3 was chosen to follow with the analysis. In Figure 3.11, the blue spectrum 
showed the characteristic bands of CNDs (see, Chapter 2),43 indicating that CNDs 
were modified on CNDs-Maleimide successfully. The as-prepared system CNDs-
Maleimide showed the presence of functional groups such as O–H and N–H in the 
region of 3400–3150 cm−1. The signals at 1615 and 1454 cm−1 were assigned to the 
stretching bands of aromatic carbon atoms (C=C). The weak signals around 1240, 
1174 and 1106 cm−1 were related to different modes of C–O–C- and C–O- groups, 
respectively. Moreover, we observed an increased in the band at 1700 cm-1 from 
amide bond, confirming the amidation. 
 
 

ENTRY CNDs 
(equiv) 

7 
(equiv) 

KAISER TEST 
(Pmolꞏg-1) 

1 1 1 720.0 

2 1 2.5 361.6 

3 1 5 125.9 

3 7 8 
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Figure 3.11. FT-IR spectra of CNDs-Maleimide, CNDs and maleimide derivative 7. 

 
The FT-IR spectra of CNDs-Maleimide showed the same bands for all the 
experiments, but not the intensity (Figure 3.12). The intensity of Entry 3 was higher 
than the others, as it was expected, due to the higher degree of the amidation. 

 
Figure 3.12. FT-IR spectra of the different reactions for CNDs-Maleimide. 

 
As the following figures showed, an increase and shift in the UV spectra of the CNDs-
Maleimide was observed, when more equivalent of maleimide derivative 7 was used. 
Moreover, the fluorescence measurements showed a decrease of the intensity, as 
expected, and also showed that the Figure 3.13c and d presented a different optimal 
excitation wavelength, in comparison with the batch of CNDs that showed their 
maximum at 300 nm (see chapter 2).  
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Figure 3.13. a) UV-Visible spectra of CNDs and CNDs-Maleimide in water. The 
fluorescence emission spectra at different excitation wavelengths of CNDs-Maleimide b) 

Entry 1, c) Entry 2, d) Entry 3 (Table 3.2) in water. 

 
Moreover, the QY was calculated in order to compare the fluorescence efficiency. It 
was observed a decreased of the QY in relation with the increased of the equivalents. 
From 17 % of pristine CNDs, almost 17 % for CNDs-Maleimide (1:1 equivalents) 
and up to 14 % for CNDs-Maleimide from the most functionalized CNDs-Maleimide, 
1:5 equivalents and 1:2.5. 

Furthermore, Figure 3.14 showed the AFM image and the height profile, where the 
measurements revealed similar sizes as was found in the case of CNDs-DEGd. Up to 
1:5 equivalents used for the reaction differences in size were not detected, a large 
range of sizes was observed of functionalization from 3 nm up to 7 nm with an 
increase of the average size from CNDs pristine. The as-prepared CNDs-Maleimide 
showed an average of 4.3 ± 1.3 nm. 

a) b) 

c) d) 
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Figure 3.14. a) AFM image and b) height profile along the line of CNDs-Maleimide and c) 
size histogram of CNDs-Maleimide. 

 
In relation to expand our methodology, in this case we studied different methods of 
purification. The products mentioned above were purified by dialysis, thus only one 
sample was obtained (Entry 3, Table 3.2). On the other hand, the crude of the reaction 
was filtered and concentrated under reduced pressure. Then, it was purified by size 
exclusion chromatography (SEC) (Sephadex LH-20; MeOH), obtaining two 
fluorescent fractions with light yellow aspect. 
The FT-IR spectra of CNDs-Maleimide (Figure 3.15) showed no significant 
differences between the FT-IR of CNDs-Maleimide dialysis and CNDs-Maleimide 
SEC. 

a) b) 

c) 
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Figure 3.15. FT-IR spectra of CNDs-Maleimide purified by dialysis and SEC. 

 
UV and fluorescence measurements were performed, the size and functional groups 
affected the optical properties. Thus, the UV-Vis spectra of CNDs from dialysis 
showed an absorption peak at 287 nm, from SEC F1 at 290 and F2 a broad band from 
286-300 nm (Figure 3.16).  

The fluorescence measurements (Figure 3.16) showed a different optimal excitation 
wavelength (340 nm), when compared to pristine CNDs (maximum at 300 nm). 
However, the QY of the F2 was slightly higher than F1, which had more molecules 
onto their surface as was the first fraction of the SEC. The chemical nature of the 
surface of CNDs was modified. The CNDs modified for SEC purification were 
produced with an excess of equivalents of the maleimide derivative i.e. 1:5 
equivalents (Entry 3, Table 3.2), due to that pristine CNDs were not found. We could 
assure that the surface of CNDs with this amount of equivalents was covered.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) b) 
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Figure 3.16. a) UV-Visible spectra of CNDs-Maleimide in water purified by SEC and 

dialysis. The fluorescence emission spectra at different excitation wavelengths of CNDs-
Maleimide b) F1 and c) F2 of SEC and d) schematic representation of SEC. 

 
The previous study of equivalents with DEGd and maleimide group can help us to 
predict the properties of the following functionalization. For instance, when the 
surface is modified, the optical properties of pristine CNDs as well; depending on the 
amount used a shift is produced, more specifically in the FL properties. Thus, pristine 
CNDs showed their maximum emission FL when is irradiated with an excitation 
wavelength of 300 nm, on the other hand functionalized CNDs showed their 
maximum emission FL when is irradiated with an excitation wavelength of 320 or 
340 nm. 
 
3.3.1.1.3. CNDs-Cy5 
This thesis is focused on the synthesis and functionalization of CNDs for 
bioapplications. CNDs presented a unique photoluminescent properties, e.g., tunable 
fluorescence emission and excitation-dependent fluorescence emission.87 However, 
the fluorescence of CNDs overlaps with several dyes that are necessary to measure 
the cellular apoptosis, as for example the 4’,6-diamidino-2-phenylindole (DAPI), 
which binds strongly to AT regions of DNA.156 Since the counterstain and CNDs 
fluorescence emission spectra overlap, the cyanine (Cy5) label was chosen in order 
to differentiate CNDs from nuclear counterstains (Figure 3.17).  

c) d) 
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Figure 3.17. Scheme modification of CNDs with Cy5. 

 
The optical properties were investigated with UV-Vis and FL spectroscopies (Figure 
3.18). As showed in Figure 3.18a, the UV spectrum of the CNDs-Cy5 is composed 
by a shoulder in the 250-350 nm range (attributed to CNDs) and the 550-680 nm 
range (from Cy5 dye). Moreover, the fluorescence spectrum of CNDs-Cy5 (plotted 
in Figure 3.18b) showed also excitation wavelength-dependent emission, similarly 
to the pristine CNDs (see Chapter 2), and the emission at 660 nm from Cy5. 
 

 

 

 

 

 

 

 
 

 
Figure 3.18. a) UV-Vis and b) FL spectra of CNDs-Cy5 in H2O. 

 
The FT-IR spectrum of CNDs-Cy5 (Figure 3.19) showed the characteristic bands of 
CNDs, such as O–H or N–H stretching vibrations in the range 3000-3500 cm-1. The 
C–H stretching vibration showed at 2946 and 2866 cm–1, while the peaks between 
1550 and 1750 cm-1 were attributed to C=O, and C=C vibrations. Peaks in the range 
1330-1480 cm-1 corresponded to a combination of a C–N stretching and N–H bending 
bands, respectively (see, Chapter 2).43 Moreover, the spectrum of CNDs-Cy5 showed 
new bands around 1100 cm-1, which come from Cy5 label, indicating that CNDs were 
modified on CNDs-Cy5 successfully. 

3 9 10 

a) b) 
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Figure 3.19. FT-IR spectra of CNDs-Cy5, CNDs and Cy5. 

 

AFM images (Figure 3.20) did not give more information about the functionalization 
of the as-prepared system, since the size of the CNDs-Cy5 it was approximately the 
same of the pristine CNDs. This could be related to the low amount of Cy5 used in 
the reaction. 

 

Figure 3.20. a) AFM image and b) height profile along the line of CNDs-Cy5. 

 

3.3.1.2. Iron nanoparticles 
Superparamagnetic iron oxide nanoparticles, such as F3O4 (FeNPs), present many 
interesting properties that can be used in a variety of biomedical applications, for 
instance magnetic resonance imaging, hyperthermia and drug delivery. Moreover, 
they can be manipulated by an external magnetic field to lead it to the target tissue.157 

Furthermore, as was highlighted in Chapter 1, CNDs show high potential in 
bioapplications due to their excellent properties. Therefore, multifunctional 
nanoparticles based on carbon nanoparticles and FeNPs can efficiently convert NIR 

a) b) 
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photons to heat and kill the tumor cells by FeNPs.158 Meanwhile, the cells can be 
observed due to the multicolor cell imaging properties of CNDs.159  

Following the research line of this thesis, within this section it will be described a 
hybrid based on CNDs and FeNPs. First of all, FeNPs nanoparticles were synthesized 
and characterized. The iron oxide cores were prepared by a method of co-
precipitation using ferrous (Fe2+) and ferric (Fe3+) salts.160 Precise control of pH 
during the synthesis is required to obtain precipitation of FeNPs. To ensure the 
stability of the nanoparticles, the use of organofunctional silanes has been used for 
the biocompatibility of silica and thanks to the formation of a stable Fe-O-Si covalent 
bond.161 3-(triethoxysilyl)propylsuccinic anhydride (TEPSA) was chosen as 
stabilizing matrix. After that, the FeNPs were magnetically separated and then 
washed (Figure 3.21). 

 
 
 
 

Figure 3.21. Scheme of the formation of FeNPs (13) and FeNPs-TEPSA (15). 

 
The chemical structure of FeNPs was characterized by FT-IR spectroscopy. In Figure 
3.22 the spectra presented the peak at 582 cm-1 of the Fe–O bonds in FeNPs. The FT-
IR spectrum of TEPSA-FeNPs showed a band at 1012 cm-1 from Si–O–Si or Si-O-
Fe stretching vibration,162 this bands indicated that TEPSA was introduced onto the 
FeNPs surface. 

 

Figure 3.22. FT-IR of FeNPs and FeNPs-TEPSA. 

 

11 12 13 15 14 
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The TEM images of FeNPS and TEPSA-grafted nanoparticles showed a uniform size 
and spherical shape (Figure 3.23). TEM measurements revealed almost no difference 
in the average size of FeNPs from 11.5 ± 2.9 nm to 11.6 ± 2.6 nm for FeNPs-TEPSA, 
as determined by statistical analysis of 100 particles. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.23. TEM images of a) FeNPs and b) FeNPs-TEM. 

 

Conductimetric titration was then used to calculate the amount of -COOH groups on 
the surface of FeNPs-TEPSA (Figure 3.24, more details in experimental section, 
Appendix). This technique is based on the replacement of one ion by another and 
invariably these two ions differ in the ionic conductivity during the titration. The 
equivalence point is the titration of the acid of the surface of FeNPs.163 The amount 
of carboxylic groups was estimated as a molar ratio of 0.65 mmolꞏg-1 carboxylic 
functions compared to the total iron content. 

 

Figure 3.24. Conductimetric titration of FeNPs-TEPSA nanoparticles. 

 
The presence of carboxylic groups allowed the attachment of CNDs, in order to 
combine FeNPs and fluorescent probes to make a hybrid system for MRI 

a) b) 
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applications. The CNDs were covalently grafted to the as-synthesized FeNPs-TEPSA 
nanoparticles by using EDC/NHS as a coupling agent. The uncoupled CNDs 
nanoparticles were eliminated by filtration and magnetic separation until no 
fluorescence was detected in the supernatant (Figure 3.25).  

 

 
 

Figure 3.25. a) Schematic illustration of the functionalization of CNDs with FeNPs. b) 
Photography of the magnetic decantation of CNDs-FeNPs. 

 
In Table 3.3 is showed several attempts of reactions carried out to functionalized 
CNDs with FeNPs; different molar ratios of the materials and solvents were used. 
However, the attempts were unsuccessful, showing for each reaction a total 
quenching of the fluorescence emission. 

 
Table 3.3. Optimization of the functionalization.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The resulting characterization by FT-IR showed the attachment of FeNPs onto the 
surface of the dots. The Figure 3.26 (black line), showed the appearance of the band 
at 1700 cm-1 from amide bond, confirming the covalent attachment of the FeNPs. 
Moreover, the spectrum exhibited a decreased from N-H stretching vibrations in the 
range 3000-3500 cm-1 and the appearance of the peak at 582 cm-1 from Fe–O bonds 
in FeNPs. 

ENTRY CNDs 
(equiv) 

FeNPs-TEPSA 
(equiv) 

SOLVENT 
 

1 1 0.3 PBS pH 7.5 

2 1.5 1 DMF 

3 1.5 1 DMF 

4 10 1 DMF 

5 1 10 DMF 

3 15 16 

a) b) 
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Figure 3.26. FT-IR spectra of CNDs, FeNPs-TEPSA and CNDs-FeNPs hybrid. 

 
The optical properties of the hybrid were studied. The UV-Vis spectra did not display 
almost any absorption from the system (Figure 3.27a). Moreover, the most important 
feature of CNDs, which is the fluorescence it was quenched. The decrease of the 
fluorescence could be due to the proximity with the FeNPs and maybe energy transfer 
process could occur (Figure 3.27b). 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.27. a) UV-Vis spectra of CNDs hybrid with FeNPs-TEPSA in water. b) 
Fluorescence emission spectra at different excitation wavelengths of CNDs hybrid with 

FeNPs-TEPSA, 16 in water. 

 
Another step within CNDs functionalization with FeNPs was avoid the quenched of 
the CNDs fluorescence. Due to this, a linker between CNDs and FeNPs was used. 
Previously, it was synthesized FeNPs-linker, which gave to FeNPs biocompatibility 
and more solubility. The synthesis of monoprotected amine 19 was prepared 
following literature procedures and is fully described in the section dedicated to 

a) b) 
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experimental details.164 Afterwards, the iron nanoparticles with TEPSA were 
functionalized with the linker 20 via carbodiimide chemistry (Figure 3.28). 

 

 

Figure 3.28. Synthesis of the desire linker-FeNPs, 21. 

 

It was chosen FeNPs-linker with terminal amines in order to attached onto the surface 
of CNDs via cardiimide chemistry, thanks to the acids that CNDs present (see 
Chapter 2). These functional groups in comparison with amines are minority, due to 
this we could explored insignificant modifications on the optical properties of CNDs. 
Even if we have used previously a low amount in the molar ratio between CNDs: 
FeNPs. As before, the functionalization between CNDs and FeNPs-linker linker was 
carried out with EDC/NHS as coupling agents. Therefore, several amounts of 
nanoparticles were used in order to maintain the optical properties of CNDs.  

 

Figure 3.29. Schematic illustration of the functionalization of CNDs with FeNPs-linker. 

 

Figure 3.30 showed the fluorescence spectra of the new hybrid. The intensity of the 
fluorescence emission was not enough for our applications. These hybrids have 
potential applications in MRI images and photothermal treatments. However, an 
increased in the fluorescent intensity is needed and it will be achieved with the used 
of non-flexible linkers between CNDs and FeNPs.  

17 18 19 

20 

 15 

21 

21  3 22 
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Figure 3.30. The fluorescence emission spectra at different excitation wavelengths of CNDs 

hybrid with FeNPs-linker, 22. 

 
3.3.1.2. Drugs 
Drug delivery systems based on nanomaterials, could potentially reduce the side 
effects associated with several antineoplastic drugs, due to the reduction of the drug 
dose needed to achieve the therapeutic benefit (see Chapter 1 for more details). 
Moreover, carbon nanomaterials as CNDs due to their excellent properties, such as 
high water solubility and biocompatibility can enhanced permeation and retention 
effect of chemotherapeutic agents.165 Herein in this section, we further apply CNDs 
as vehicle towards the improvement of solubility and drug delivery of the most 
common drugs, via covalent bond. Most of the drug delivery systems created up to 
now are based on non-covalent interactions in order to not change the chemical 
structure of the drugs.166 Then, we have chosen carefully two drugs that can be 
covalently modified and the efficacy of the drugs is not changed as Paclitaxel and 
Chlorambucil.  

Paclitaxel (PTX), a diterpenoid plant product extracted from the yew tree, Taxus 
brevifolia, is a microtubule polymerizing agent drug that is approved by the Food and 
Drug Administration for the treatment of ovarian, breast, and lung cancer, as well as 
Kaposi’s sarcoma.167 Moreover, PTX is on the World Health Organization’s List of 
Essential Medicines, the most important medication needed in a basic health system 
for the treatment of many types of cancers and it is recognized as the most cost-
effective chemotherapy drug.168 The therapeutic effect of PTX is reported to be 
potent. It works through binding to microtubules inducing mitotic arrest, the major 
cell cycle control mechanism acting during mitosis to prevent chromosome 
missegregation. Thus, a signal transduction cascade is activated and delays mitotic 
progression by inhibiting the anaphase.169,170 The PTX resistance may contribute to 
the consecutive recurrence and metastasis of cancer, finally causing death.171 
Although many studies have been conducted related to the paclitaxel resistance, the 
specific mechanisms of action involved are still poorly understood.172 Nevertheless, 
there are many limitations due to its low water solubility. With the purpose of 
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improving aqueous solubility, PTX is formulated in a mixture of Cremophor EL®, 
polyethoxylated castor oil and dehydrated ethanol (50:50, v/v) in a combination 
known as Taxol®. However, Taxol® has several side effects related to Cremophor 
EL® and ethanol. Therefore, there is an urgent need to replace Cremophor EL® to 
deliver PTX with reduced adverse effects to healthy tissues. 

Chlorambucil (CBL) commonly known as Leukeran® is a poor water soluble drug 
and potent anticancer cytotoxic warhead. Moreover, it is on the World Health 
Organization's List of Essential Medicines, the most effective and safe medicines 
needed in a health system.168 CBL is used for the treatment of chronic lymphocytic 
leukemia, certain types of non-Hodgkin lymphoma, trophoblastic neoplasm and 
ovarian carcinoma.173 This drug is an alkylating agent, a type of nitrogen mustards 
derived from mustard gas. The nitrogen mustard moiety in CBL is the most attractive 
part; once it enters in the cells this part becomes activated, and interferes in the 
replication of deoxyribonucleic acid (DNA), through the alkylation of nucleobases 
by forming aziridinium ion as an intermediate. Therefore, blocking cell division and 
resulting in apoptotic cell death.174 In relation with their limitations as PTX there are 
many limitations due to its low water solubility. Therefore, there is an urgent need to 
increase the solubility of these drugs. 

 

3.3.1.2.1. CNDs-PTX 
The nanocarrier was obtained through covalent functionalization of CNDs with PTX. 
Before coupling with CNDs, PTX was modified with succinic anhydride at the 2’-
hydroxyl position, to provide an acid group (Figure 3.31).175 The esterification at the 
2’-OH position resulted in the loss of binding to microtubules, but it did not affect its 
cytotoxicity possibly due to the hydrolysis of the ester group by intracellular 
esterases. Esterification at the 2’-OH position tends to promote water solubility. Due 
to the higher reactivity of the 2’-OH compared to the 7’-OH group, the product 
resulted from the 2’-OH derivatization was chosen to be attached onto the surface of 
the CNDs. The biproduct was removed by crystallization.175 

 

 

Figure 3.31. Functionalization of PTX. 

 
Afterwards, CNDs amino groups were functionalized with the acid-modified PTX 
via amide formation using EDC/NHS as coupling agents (Figure 3.32). The excess 
of organic molecules and the pristine CNDs were removed by size exclusion 

23 24 25 

 2’  
  7’
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chromatography. The covalent anchoring was validated by 1H NMR, UV-Vis, FL and 
FT-IR spectroscopy.  

 

Figure 3.32. Schematic illustration of the functionalization of CNDs with PTX. 

 
The 1H NMR spectrum showed a peak around 5.25 ppm that corresponds to the amide 
group (Figure 3.33) thus confirming the functionalization. Furthermore, the very 
broad signal did correspond to this kind of groups.  

 

 
Figure 3.33. 1H NMR of a) functionalized PTX, 25 and b) CNDs-PTX in CDCl3. 

3 25 26 

a) 

b) 
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The nanocarrier CNDs-PTX was characterized with FT-IR spectroscopy. The 
spectrum (Figure 3.34) showed the typical bands of pristine CNDs (see Chapter 2),31 
broad absorption bands in the range of 3500-3000 cm-1 corresponded to O-H and N-
H stretching vibrations. The C–H stretching vibration was observed by the peaks at 
2946 and 2866 cm–1, while the peak at 1650 cm-1 was attributed to –C(O)-NH 
vibrations. Peaks in the range 1569-1354 cm-1 corresponded to a combination of a C–
N stretching and N–H bending bands. Moreover, a new absorption peak of C–C 
stretching was observed from the PTX at 707 cm−1. The presence of the peak at 
1024 cm−1 further demonstrated that PTX was incorporated onto CNDs nanoparticles 
successfully. On the other hand, CNDs-PTX showed a decrease of the amino groups 
by Kaiser test (130 μmolꞏg-1) with respect to the pristine CNDs (1053 μmolꞏg-1).41 
Thus, indicating that PTX is loaded onto the surface of CNDs. 

 

Figure 3.34. FT-IR spectra of CNDs-PTX, CNDs and PTX. 

 

The optical properties were investigated with UV-Vis and FL spectroscopies (Figure 
3.35). As shown in Figure 3.35a, a shift in the UV spectrum of the CNDs-PTX was 
observed, with respect to the pristine CNDs. The band at 290 nm could be due to the 
S-S* transition of the aromatic ring structure of the CNDs.31 Moreover, the 
fluorescence spectrum of CNDs-PTX (Figure 3.35b) showed an excitation 
wavelength-dependent emission, as the pristine CNDs (see Chapter 2).  
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Figure 3.35. a) UV-Vis of CNDs and CNDs-PTX and b) FL spectra at different excitation 

wavelengths of CNDs-PTX in water. 

 

The spectrum showed the maximum emission intensity at 402 nm, when excited at 
320 nm. Furthermore, the emission was changed with respect to pristine CNDs 
(emission 365 nm, excitation 300 nm), and accompanied by shifts toward higher 
emission wavelengths, when increasing the excitation wavelength. 

In order to determine the size and shape of the CNDs-PTX conjugate, atomic force 
microscope (AFM) was performed and showed spherical particles with a size 
distribution in the range between 3 nm and 9 nm, with an average size of 6.0 ± 1.6 
nm, as determined by statistical analysis of 100 particles (Figure 3.36). It is 
noteworthy that an increase of the size, with respect to the pristine CNDs 3.7 ± 1.8 
nm, was observed. As demonstrated with the aforementioned results, the 
functionalization of this nanomaterial occurred successfully. 

 

a) b) 

a) b) 
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Figure 3.36. a) AFM image and b) height profile of CNDs-PTX nanocarrier and c) size 

histogram of CNDs-PTX. 

 
A necessary issue to take into account was the amount of PTX loaded onto the CNDs 
surface. The amount of PTX attached on CNDs was first determined by thermal 
gravimetric analysis (TGA). It was performed to measure the thermal stability and 
the weight loss of the components (Figure 3.37). As controls, PTX and CNDs were 
first analyzed to measure the amount of each system before the coupling of the 
nanocarrier.176 The weight loss of CNDs-PTX at 506 ºC in N2 was 81 %, while CNDs 
and PTX had a 79 % and 82 % weight loss at 506 ºC in N2, respectively. Thus, CNDs-
PTX nanosystem was observed to contain about 34 wt % of CNDs and 66 wt % of 
PTX according to the following Equation 3.1, 3.2 set (x and y are the weight 
percentage of CNDs and PTX, respectively).  

 

 

 

 

 

 

 

Figure 3.37. TGA of PTX, CNDs, and CNDs-PTX with a heating rate of 10 ºCꞏmin-1 in N2. 

 
Moreover, matrix-assisted laser desorption ionization (MALDI) was used to ascertain 
the results from TGA. In the nanosystem (CNDs-PTX) the molecular weight of 
CNDs was 900.5 Da (green line, Figure 3.38) and the total weight of the conjugate 
was 2465.9 Da (blue line, Figure 3.38), then the amount of CNDs represented 

Equation 3.1                                       0.79x + 0.82y = 0.81  
Equation 3.2                                       x + y = 1  

 

c) 
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900.5/2465.9 = 0.4. Accordingly, the molecular weight of CNDs in a mg of 
nanosystem was 0.4 mg and 0.6 mg of PTX. Thus, CNDs-PTX nanosystem was 
observed to contain approximately 2 PTX for a single CND. Therefore, MALDI 
showed that the amount of PTX loaded on CNDs was calculated to be about 0.6 mg 
per 1.0 mg of sample (Figure 3.38). This result is in good accordance with the 
estimation based on the TGA data.  

 

Figure 3.38. MALDI spectra of CNDs and CNDs-PTX. 

 
3.3.1.2.2. CNDs-PTX-Cy5 
Previously, it was commented in the section 3.3.1.1 organic molecules; CNDs-Cy5 
that CNDs emission overlaps with several dyes that are necessary to measure the 
cellular apoptosis. Thus, CNDs-Cy5 was synthesized to be the control of non-toxicity 
and to confirm that CNDs-PTX is responsible for the apoptosis due to the drug 
attached. Then, Cy5 label was introduced in order to differentiate CNDs-PTX from 
nuclear counterstains (Figure 3.39).  

 
Figure 3.39. Scheme modification of CNDs-PTX with Cy5. 

26 9 27 
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The optical properties were investigated with UV-Vis and FL spectroscopies (Figure 
3.40). As showed in Figure 3.40a, the UV spectrum of the CNDs-PTX-Cy5 is 
composed by a shoulder in the 250-350 nm range, attributed to CNDs and the 550-
680 nm range, from Cy5 dye. Moreover, the fluorescence spectrum of CNDs-PTX-
Cy5 plotted in Figure 3.40b showed also excitation wavelength-dependent emission 
as CNDs-PTX (see, Figure 3.35) and the emission at 660 nm from Cy5.  
 

 

 

 

 

 

 

 

Figure 3.40. a) UV-Vis spectra and b) FL spectra at different excitation wavelengths of 
CNDs-PTX-Cy5 in water. 

 
The FT-IR spectrum of CNDs-PTX-Cy5 (Figure 3.41) showed the characteristic 
bands of CNDs-PTX, such as O–H or N–H stretching vibrations in the range 3000-
3500 cm-1 and the absorption peak of C–C stretching from the PTX at 707 cm−1 and 
1024 cm−1 (see, Figure 3.34). The C–H stretching vibration was showed by the peaks 
at 2946 and 2866 cm–1, while the peaks between 1550 and 1750 cm-1 were attributed 
to C=O, C=N and N–H vibrations. Peaks in the range 1330-1480 cm-1 corresponded 
to a combination of a C–N stretching and N–H bending bands.16,17. Moreover, the 
spectrum of CNDs-PTX-Cy5 showed a new band at 977 cm-1, indicating that Cy5 
was introduced onto the CNDs-PTX system, given a new system of CNDs-PTX-Cy5 
successfully. 

a) b) 
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Figure 3.41. FT-IR spectra of CNDs-PTX, Cy5 and CNDs-PTX-Cy5. 

 
AFM images (Figure 3.42) did not give more information about the functionalization 
of the as-prepared system, since the size of the CNDs-PTX-Cy5 it was approximately 
the same of the as-prepared CNDs-PTX. This could be related to the low amount of 
Cy5 used in the reaction, as in the CNDs-Cy5 system. 

 

 
Figure 3.42. a) AFM image and b) height profile along the line of CNDs-PTX-Cy5. 

 
3.3.1.2.3. CNDs-CBL 
The nanocarrier was obtained through a covalent amide bond formation between 
CNDs amino groups and with CBL carboxylic groups (Figure 3.43). Size-exclusion 
chromatography of the nanocarrier-drug was performed in order to separate the 
system with maximum coverage of CBL onto the CNDs surface. 

a) b) 
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Figure 3.43. Schematic representation of the synthesis of the nanocarrier, CNDs-CBL. 
 
The covalently anchoring was validated by NMR, UV-Vis, FL, FT-IR spectroscopy 
and XPS. The 1H NMR spectrum showed a peak around 5.6 ppm that corresponds to 
the amide groups (Figure 3.44), thus directly indicating that CBL is loaded on the 
surface of CNDs. Furthermore, the shape of the signal did correspond to these kinds 
of group.  

 
Figure 3.44. 1H NMR of a) CBL and b) CNDs-CBL in CDCl3. 

 
The surface functional groups of the CNDs-CBL nanocarrier were characterized by 
FT-IR spectroscopy. The spectrum (Figure 3.45) exhibited the broad absorption 
bands of O-H and N-H in the range of 3000-3500 cm-1, C=O, N-H and C=N at 1550-
1750 cm-1 from CNDs.177,178 Moreover, a new peak appeared at 2500–2800 cm-1 from 
aromatic C–H stretching bands, indicating that CBL was loaded onto the surface of 

a) 

b) 

3 28 29 

29 
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CNDs successfully. Furthermore, CNDs-CBL showed a decrease in the intensity of 
the N-H bending and C-N bands, to 1569 cm-1 and 1354 cm-1, respectively, compared 
to the pristine, as well as an increase in the (O=C-NH) vibration band at 1650 cm-1, 
thus indicating that CBL is loaded onto the surface of CNDs through amide bonds. 
In addition, such findings were also supported by KT,41 which showed a decrease of 
the amino groups of CNDs-CBL (139 μmolꞏg-1) with respect to the pristine CNDs 
(1023 μmolꞏg-1). 

 
Figure 3.45. FT-IR spectra of the CNDs-CBL, CNDs and CBL. 

 
The optical properties were investigated with UV-Vis and FL techniques. As shown 
in Figure 3.46, a shift in the UV spectrum of the CNDs-CBL in the 290-325 nm range 
was observed, with respect to the pristine CNDs. CNDs-CBL presented the bands 
from CBL and a broad absorbance from 325 to 425 nm. Moreover, the fluorescence 
spectrum of CNDs-CBL was excitation wavelength-dependent, in accordance to the 
fluorescence properties of pristine CNDs. On the other hand, the maximum excitation 
wavelength was increased from 300 nm to 320 nm. The photoluminescence quantum 
yield (QY) exhibited was evaluated as 11%, at 320 nm of excitation.135 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.46. a) UV-Vis of CNDs, CBL and CNDs-CBL spectra. b) Fluorescence spectra at 

different excitation wavelengths of CNDs-CBL nanocarrier in water. 

a) b) 
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Moreover, the studies carried out by XPS demonstrated that the pristine CNDs 
contained mainly elemental carbon, nitrogen and oxygen, having 68, 16 and 16 atom 
%, respectively,31 whereas the CNDs-CBL displayed also the presence of chlorine (5 
%), apart from carbon (74 %), nitrogen (12 %) and oxygen (9 %), as shown in Figure 
3.47. It is noteworthy that the pristine CNDs did not present chlorine atoms (see, 
Chapter 2), thus confirming the successful attachment of the drug onto the CNDs 
surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.47. a) XPS survey spectrum of the CNDs-CBL nanocarrier. b) Binding energy and 
percentage of Cl, C, N, and O atoms in CNDs-CBL as determined by XPS measurements. 

 
In order to determine the size and shape, atomic force microscope (AFM) images 
revealed that CNDs-CBL were composed of small spherical particles with a size 
distribution in the range between 3 nm and 9 nm, with an average size of 6.2 ± 1.4 
nm, determined by statistical analysis of 100 particles. Interesting, it was found that 
our nanocarrier had a very strong tendency of self-aggregation during the AFM 
preparation (Figure 3.48).  
 

 

Cl 2p 200.5 eV 5% 
C 1s 283.4 eV 74% 
C-C/C-H 284.8 58.7 
C-O/C-N 286.1 30.0 
C=N/C=O 287.9 5.4 
COOH 288.8 5.9 
N 1s 397.7 eV 12 % 
N=C 397.9 4.0 
NH2 399.7 66.4 
C-N-C 400.05 18.9 
N-C3 401.9 10.7 
O 1s 528 eV 9 % 
O=C 531.7 76.9 
O-C 533.2 23.1 

b) 

a) b) 

a) 
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Figure 3.48. a) AFM of CNDs-CBL image. b) Height profile corresponding to the line 

drawn in a) and c) size histogram of CNDs-CBL. 

 
The quantification of drug loading is crucial to compare the efficiency of the system 
with the drug alone. The amount of CBL attached on the CNDs was first determined 
by thermal gravimetric analysis (TGA). The thermal stability and the weight loss of 
the components were measured (Figure 3.49). As controls, CBL and CNDs were first 
analyzed to measure the amount of each system before the coupling with the 
nanocarrier.176 The weight loss of CNDs-CBL at 284 ºC under N2 was 33 %, while 
CNDs and CBL had both around 33 % and 32 % weight loss at 284 ºC under N2. 
Thus, CNDs-CBL nanocarrier was evaluated to contain about 50 wt % of CNDs and 
50 wt % of CBL according to the following Equation 3.3, 3.4 set (x and y are the 
weight percentage of CNDs and CBL, respectively).  

 

 
Figure 3.49. TGA curves of the CBL, CNDs and CNDs-CBL samples in N2 atmosphere. 

 
Moreover, matrix-assisted laser desorption ionization (MALDI) showed that the 
amount of CBL loaded on the CNDs was 0.50 g per 1 g of sample, approximately 
(Figure 3.50). This result is in good accordance with the estimation based on the 

Equation 3.3   0.33x + 0.32y = 0.33  
Equation 3.4    x + y = 1  

c) 
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TGA data. In the nanosystem (CNDs-CBL) the molecular weight of CNDs was 900.5 
Da (green line, Figure 3.50) and the total weight of the conjugate was 1727.1 Da 
(blue line, Figure 3.50), then the amount of CNDs represented 900.5/1727.1 = 0.5. 
Accordingly, the amount of CNDs in a mg of nanosystem was 0.5 mg and 0.5 mg of 
CBL. Thus, CNDs-CBL nanosystem was observed to contain approximately 3 CBL 
for a single CND.  

 

Figure 3.50. MALDI spectra of CNDs and CNDs-CBL. 
 

3.3.2. Non-covalent functionalization 
3.3.2.1. Proteins 
3.3.2.1.1. CNDs-HSA 
Being aware of the promising future of carbon nanodots in biological and biomedical 
applications, understanding and unrevealing their physiological response when they 
are in contact to biological fluids, as well as cell culture medium, is a critical issue to 
address.  

Proteins, such as human serum albumin (HSA) present in biological systems can be 
adsorbed on the surface of the nanoparticles forming the so-called protein corona 
(PC), which modulates the biologically significant entity and strongly governs the 
ultimate cell–NP interactions.179 Therefore, PC has a significant role in cellular 
response of the nanoparticles. The composition of the protein corona may vary 
significantly between different nanomaterials and depends on many parameters,180 a 
full prediction is not possible yet, even working with nanoparticles belonging to the 
same family as for example carbon-based nanomaterials (i.e. carbon nanotubes, 
graphene, carbon nanodots). Studies of the effect of fetal bovine serum (FBS)-
proteins on the cellular uptake and cytotoxicity of CNTs and graphene oxide (GO) 
have been reported.181,182 Nevertheless, the physicochemical properties of CNTs and 
GO are so different to those of CNDs, not only in size and shape but also in the 
functional surface groups, that the protein-CNDs and cell-CNDs interactions in the 
presence or in the absence of a preformed protein corona cannot be predicted in a 
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straight-forward way, and they should be studied on a case-by-case even for different 
types of CNDs. 

At this point it is where studying the protein corona formation around carbon 
nanodots (PC-CNDs) comes into play, because this will be the biological entity that 
cells will “see” once that the CNDs are into the bloodstream. To investigate this, the 
as synthesized CNDs were modified with a natural (see Chapter 4) or an artificial 
protein corona. The formation of an artificial corona on the CNDs was carried out by 
coating them with HSA via adsorption (Figure 3.51). HSA was selected for the 
formation of a model protein corona owing to its high abundance in biological fluids 
such as blood, and therefore trying to mimic the situation which will happen when 
CNDs are used in real bioapplications. In order to be able to follow the protein corona 
by fluorescence techniques, HSA was labeled with the fluorescent Cy7 dye before 
being attached to the dots. Cy7 was the selected dye with the aim of avoiding the 
spectral overlapping between the CNDs emission and the Cy7 absorption. Thus, 
energy transfer effects were ruled out and no decrease of the fluorescence of the 
CNDs after the formation of the HSA-Cy7 protein corona was observed.  

 

 

Figure 3.51. Formation of an artificial protein corona with labeled HSA protein (HSA-
Cy7@CNDs). 

 
The amount of HSA-Cy7 adsorbed onto the CNDs was optimized to get the 
maximum coverage while maintaining a good colloidal stability of the resulting 
complex. The HSA protein bound to the CNDs under optimized conditions and was 
quantified by the colorimetric Bradford assay, resulting in 280 ± 13 μg of HSA per 
mg of CNDs. The formation of the protein corona around the CNDs was also 
confirmed by DLS observing an increase of the hydrodynamic diameter from 8.3 ± 
0.7 nm for the pristine CNDs to 17.2 ± 1.1 nm after the coating with the HSA-Cy7. 
Moreover, AFM revealed that the size of HSA-Cy7@CNDs increased significantly 
in comparison to the pristine CNDs but maintaining a spherical morphology, 
obtaining an average diameter of 11.8 ± 2.5 nm (Figure 3.52). Such large increase 
seems to indicate that the protein covers the whole surface of CNDs 
 
 
 
 
 

30 31 32 33 

  3 
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Figure 3.52. a) AFM topography image of HSA-Cy7@CNDs on a mica substrate, and the 
corresponding b) height-profile analysis along the line. 

 
The zeta potential also changed dramatically at pH 7.4, from a positive surface charge 
+5.4 ± 1.4 mV to a negative charge -20.2 ± 2.1 mV, due to the fact that the HSA 
protein has an isoelectric point of 4.8, and therefore, provide a net negative charge at 
physiological pH (7.4). This change in the surface charge of the CNDs after the HSA-
Cy7 protein corona formation was also supported by gel electrophoresis. The Figure 
3.53 upon visible and ultraviolet light illumination of 1.5 % agarose gels was taking 
after running the CNDs and those coated with the artificial corona (HSA-
Cy7@CNDs). CNDs migrated to the negative pole indicating that they were 
positively charged. Contrarily, HSA-Cy7@CNDs migrated to the positive pole 
because they had negative charge on their surface 

 

Figure 3.53. Images upon visible (Vis) and ultraviolet (UV) light illumination of 1.5 % 
agarose gels of CNDS and HSA-Cy7@CNDs. 

a) b) 
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The nanosystem HSA-Cy7@CNDs was characterized with FT-IR spectroscopy. In 
FT-IR spectrum appeared new bands, mainly in the range 500-1000 cm-1 (Figure 
3.54), corresponding to the protein, which also confirmed the modification of CNDs 
after the formation of the protein corona. Moreover, the black spectrum showed the 
characteristics bands from CNDs (see, Chapter 2). 

 

Figure 3.54. FT-IR spectra of HSA-Cy7@CNDs, HSA-Cy7 and CNDs. 

 
The optical properties of the as-prepared HSA-Cy7@CNDs sample were studied. As 
shown in Figure 3.55a, UV-Vis spectrum presented a broad absorption band from 
300 to 450 nm from the CNDs but the absorption edge at around 275 nm which was 
observed in the naked CNDs disappeared, and additionally it appeared the band at 
750 nm from the Cy7. Moreover, its fluorescence emission showed also the 
excitation-dependent behavior due to the CNDs (Figure 3.55b).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.55. a) UV-Vis spectra and b) FL spectra of HSA-Cy7@CNDs in H2O. 

 

a) b) 
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Interestingly, it was observed that the protein corona increased the photostability of 
the CNDs (Figure 3.56). Under continuous UV-irradiation at 300 nm with the 
excitation lamp, the fluorescence of the naked CNDs decreased steadily caused by a 
photochemical process as it has been already reported.183 However, such 
photobleaching was minimized after coating with the HSA-Cy7, which indicates that 
the protein corona protected partially the CNDs from photo-oxidation and/or changes 
in their surface states.  

 

Figure 3.56. Photostability of the fluorescence emission of CNDs, and both emissions from 
CNDs and Cy7 of the HSA-Cy7@CNDs, under continuous UV-irradiation at 350 and 700 

nm with the fluorimeter excitation lamp. 
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3.4. Conclusions 
In the first part of this chapter, the surface modification of CNDs was performed with 
a DEG derivative and maleimide groups, and a studied of equivalents was done in 
order to study the behavior of the increased of the equivalent on the CNDs properties. 
Moreover, different methods of purification were assessed. 

Furthermore, the previous study was used to predict the sequential functionalization 
extend to FeNPs, drugs and proteins, such as increased of the size, decrease of the 
QY and shifts on their FL properties. Particular attention has been placed on the 
calculation of the loading of the drugs, by TGA and MALDI techniques. Besides, the 
quantification of the protein HSA adsorbed onto the surface of CNDs by Bradford 
assay. 

Finally, the hybrid nanomaterials accomplish the requirements for their use in 
biological applications, such as maintained of the water solubility, attachment of the 
desire molecules, drugs and proteins. Moreover, it was confirmed that the nature of 
pristine CNDs was modified in each functionalization. 
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“Biologist must constantly keep in mind that what they see was not designed but 
 rather evolved.” Nobel Laureate Dr. Francis Crick 

 
 
 
 
4.1. Introduction 
Carbon NanoDots are increasingly considered for biomedical applications such as 
biosensing,83 cellular imaging,84 drug delivery,85 and theranostics due to their 
fascinating features such as water solubility, low toxicity,59,86 biocompatibility, ease 
of functionalization, chemical stability, and unique photoluminescent properties, e.g., 
tunable fluorescence emission and excitation-dependent fluorescence emission.87 
Their excitation-dependent fluorescent emission behavior provides a range of 
possible excitation wavelengths and minimizes the biological background by 
increasing the Stokes shift. Despite these interesting properties and that diverse 
studies have attempted to exploit these nanomaterials for bioapplications, the latter 
are still in their infancy since their physiological response is not well understood or 
controlled yet. Indeed, there is a gap in the literature regarding the understanding of 
the interaction of CNDs with biological systems (e.g. cells, cellular medium, blood, 
plasma or serum proteins), although this issue is a key factor for their use in 
bioapplications both from an efficacy and a safety point of view.184 

Nowadays, it is well known that proteins present in biological systems can be 
adsorbed on the nanoparticles (NP) surface forming the so-called protein corona 
(PC), which becomes a biologically significant entity governing the ultimate cell–NP 
interactions.179 It is well recognized that protein corona play a significant role in the 
cellular response to nanoparticles, and affects not only their cellular uptake but 
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changes also their trafficking and in vivo biodistribution, circulation lifetime, 
signaling, kinetics, transport, accumulation, and toxicity.185,186 The composition of 
the PC is unique to each nanomaterial and depends on many parameters. For that 
reason, the results obtained for one particular nanoparticle cannot be extrapolated to 
other nanoparticles, even when working with nanomaterials of the same family as for 
example carbon-based nanomaterials (i.e. carbon nanotubes, graphene, carbon 
nanodots). Therefore, even if the future of CNDs in the biomedical field is promising 
in light of the results of the earliest approaches based on CNDs,52,187,188,189 there is an 
urgent need of investigating the influence of the protein corona formed around CNDs 
on their performance as tools for a myriad of potential up-and-coming 
bioapplications. 

CNDs must be studied from the beginning, from the first interaction with cell 
medium, cell interactions and their behavior until the final bioapplication. This 
chapter collects all this information, and their use as drug delivery systems, 
bioimaging agent and nanocarrier to cross the blood brain barrier (BBB). 
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4.2. Aim of the work 

In this chapter, the interaction between cells and CNDs will be described with the 
help of the model of PC@CND that was described in Chapter 3 (This work was done 
in collaboration with Dr. Carolina Carrillo Carrion). Moreover, the use of CNDs and 
the CNDs-drugs, CNDs-PEGs hybrid (whose synthesis and characterization were 
described in Chapters 2 and 3) for several bioapplications will be discussed. 

Figure 4.1 presents the general design followed in this chapter: from the study of the 
cell interaction with CNDs or PC@CND (as illustrated on the left) and drug delivery 
and bioimaging applications, followed by the CND capability to act as 
bionanocarriers and cross the blood brain barrier (as depicted on the right).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. General design of cell-CNDs interactions and their use in drug delivery, 
bioimaging and as bionanocarrier to cross the blood brain barrier. 
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4.3. Results and discussion 
In this section, the potential use of CNDs in biological systems will be described. 
After the understanding of the CNDs behavior in cells, the CNDs bioapplications will 
be discussed. 
 
4.3.1. Influence of CNDs on biological systems 
In order to assess the possible use of CNDs in bioapplications, their stability under 
cell growth conditions was tested. CNDs were incubated at 37 ºC and 5 % CO2 in cell 
culture dulbecco's modified eagle medium (DMEM) completed with 10 % heat-
inactivated fetal calf serum (FBS) for 0 h, 24 h, 48 h and 72 h. The dots were analyzed 
by UV-Vis measurements in order to ascertain for any significant changes in the 
absorption spectrum.190 As reported in Figure 4.2, no significant evidences of 
instability in the cell culture medium were observed. 

 

Figure 4.2. UV-Vis spectrum of CNDs incubated in complete DMEM for 0 h, 24 h, 48 h 
and 72 h at 37 ºC and 5 % CO2 in a humidified atmosphere. 

 

Moreover, the CNDs biocompatibility was tested by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay.191 The viability of 
several cell lines was found to change between 80-100 % after 72 h of incubation by 
using concentrations of CNDs ranging from 1 PgꞏmL-1 to 1 mgꞏmL-1 (Figure 4.3). 
The observed low cytotoxicity is in agreement with previous reported data,192,193 and 
represent a fundamental characteristic for the use of CNDs in bioapplications.  
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Figure 4.3. Cell viability assays of CNDs at various concentrations (1µgꞏmL-1 to 1 mgꞏmL-

1) with different cell lines at 72 h of incubation, 37 ºC and 5 % CO2. (a) C33-A, (b) MCF-7, 
(c) MDA-MB-231, (d) A-549, (e) PC-3, (f) HeLa cancer cell lines. The values are expressed 

as mean ± standard deviation (SD) (number of experiments per data point n=4). 

 

The internalization of CNDs by the adherent cells in vitro, was studied by laser 
scanning confocal microscopy (LSCM). According to the λex-dependent PL behavior 
of CNDs, the dots emit in the green region under blue illumination. After 24 h of 
incubation, green emission from the cytoplasm, but not from the nuclei, was observed 
(Figure 4.4).194 As reported in Figure 4.4, the cells were almost or completely viable 
under the experimental conditions, in agreement with the low concentration of CNDs 
used, which is unable to cause cell damage.195,194 
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Figure 4.4. Confocal fluorescence images of (a) C33-A, (b) MCF-7, (c) MDA-MB-231, (d) 
A-549, (e) PC-3, (f) HeLa cancer cell lines after incubation with 300 μgꞏmL-1 CNDs. (left) 

Merged picture of the fluorescent bright field, and (right) fluorescent image. 

 
The fluorescence intensities of CNDs in the cells grown in suspension were analyzed 
by flow cytometry measurements. Figure 4.5 shows the flow cytometry histograms 
of the cellular uptake of Jurkat and HL60 cells treated with 300 μgꞏmL-1 of CNDs for 
24 h or 72 h. Notably, the CNDs displayed an increased cellular uptake along the time 
and the higher uptake of the dots was observed after 72 h of incubation. The observed 
behavior can be ascribed to a different cellular uptake mechanism. In previously 
reported studies, it is demonstrated that the uptake of CNDs occurs through a 
caveolaeand clathrin-mediated endocytosis as well as passive diffusion.196,197 

Therefore, we suggest that CNDs may interact with the proteins of the cell membrane 
for the uptake and accumulate in suspended cells. Moreover, the presence of CNDs 
inside a cell does not induce cytotoxicity. Therefore, our results from flow cytometry 
are in good agreement with LSCM and cell viability studies, making CNDs a suitable 
material for drug delivery and imaging purposes. 

a) b) 

c) d) 

e) f) 
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Figure 4.5. Flow cytometry results for Jurkat and HL60 cell lines. Cells incubated in the 
presence (24 h and 72 h) and in the absence of CNDs (untreated cells). The values are 

expressed as mean ± SD (n=4). 

 

4.3.1.1. Influence of the protein corona on the CNDs cellular uptake 
4.3.1.1.1. Cytotoxicity 
Since small structural modifications can influence the cytotoxicity of a 
nanoparticle,198 the cell viability should be determined for each specific system and 
under exactly the same conditions required for its employment. Therefore, MTT 
assays were performed not only on the naked CNDs but also after their modification 
with the artificial corona. The cell viability for both CNDs and HSA-Cy7@CNDs 
was determined under the same experimental conditions employed for the uptake 
studies by FACS, i.e. at a concentration of 300 μgꞏmL-1 and extended up to 72 h. 
Figure 4.6 shows that the cell viability decreased after 72 h, but it was higher than 
80 % under all the studied conditions.  
 

 
 
 
 
 
 
 
 
 
 

 

Figure 4.6. Cytotoxicity of CNDs and HSA-Cy7@CNDs (both at 300 μgꞏmL-1) in PC-3 
cells after incubation for 24 h and 72 h as determined by MTT assay.  

b) a) 
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Interestingly, results pointed out that the cell viability of the CNDs was slightly 
higher in the presence of serum proteins from the medium (i.e. with FBS), in 
agreement to previously reported studies on other carbon nanomaterials such as 
carbon nanotubes and graphene oxide.181,182 

 

4.3.1.1.2. Quantitative analysis of uptake 
The efficiency of the uptake of both CNDs and HSA-Cy7@CNDs by PC-3 cells was 
quantitatively analyzed using FACS. The mean fluorescence intensity (MFI) was 
higher when increasing the concentration of CNDs incubated with cells, indicating 
that the uptake was concentration-dependent following a linear trend. Interestingly, 
no saturation was observed in the studied range (100-400 μgꞏmL-1). In order to use 
an optimal concentration of CNDs for the following studies, a signal-to-background 
ratio ≥ 3 (i.e. the MFI of cells incubated with nanodots divided by the MFI of negative 
control cells) was the selected criteria, and this corresponds to a CNDs concentration 
of 300 μgꞏmL-1. The concentration-dependent uptake was also studied for the CNDs 
coated with the protein corona (HSA-Cy7@CNDs) and a similar trend was observed, 
but with decreased uptake values (Figure 4.7). It is important to note that all these 
assays were performed using serum-free media in order to avoid disturbance of the 
artificial protein corona formed onto the CNDs. 

 

Figure 4.7. Concentration-dependent uptake in serum-free media of CNDs and HSA-
Cy7@CNDs after 24 h by PC-3 cells as measured by FACS. The values are expressed as 

mean ± SD (n=3). 

 
To further study the influence of the protein corona on the cellular uptake, cells were 
incubated for 24 h with CNDs (300 μgꞏmL-1) in both serum-free media (i.e. without 
FBS) and complete culture media (i.e. with FBS), and afterwards analyzed by FACS. 
The presence of FBS in the media, which contains large amount of proteins, leads to 
the formation of a natural corona around the nanoparticles. The results showed that 
the presence of FBS inhibits the cellular uptake of CNDs (Figure 4.8). In order to 
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confirm if such inhibitory effect is due to the formation of a protein corona onto the 
CNDs by the proteins present in the FBS, the uptake extent of the nanoparticles with 
a previously formed artificial protein corona (i.e. HSA-Cy7@CNDs) was also 
evaluated. It was found that the uptake of HSA-Cy7@CNDs was also lower as 
compared to the naked CNDs (i.e. CNDs in serum-free media), obtaining 
fluorescence intensity values almost identical in the case of a natural corona onto 
CNDs (FBS@CNDs) or an artificial one (HSA-Cy7@CNDs). Taking into account 
that the CNDs became negatively charged after the formation of the corona, i.e. zeta 
potential values of (+5.4 ± 1.4) mV and (-20.2 ± 2.1) mV for naked CNDs and HSA-
Cy7@CNDs, respectively, a plausible explanation for the different uptake extent may 
be related to the electrostatic interactions of CNDs with the cells. Repulsive 
electrostatic interactions between the HSA-Cy7@CNDs and the negatively charged 
cell surface may lead to a diminished binding to the cell membrane compared to the 
naked CNDs, and consequently to a lower internalization. In any case, it seems clear 
that the degree of CNDs internalization depends strongly on the presence of a corona. 
Similar results confirming the uptake suppression effect of the protein corona were 
also reported for gold nanoparticles,193 silica nanoparticles,199 quantum dots.200 

 

Figure 4.8. Uptake extent in both serum-free media and complete culture media by PC-3 
cells, at a concentration of 300 μgꞏmL-1 of CNDs and HSA-Cy7@CNDs after 24 h, as 

measured by FACS. MFI corresponds to the fluorescence collected in the channel 1, i.e. the 
emission signal from the CNDs. The values are expressed as mean ± SD (n=3). 

 
4.3.1.1.3. Uptake kinetics 
To gain insights into the impact of the protein corona on the internalization of CNDs, 
uptake kinetics studies were carried out. To this end, CNDs and HSA-Cy7@CNDs 
(300 μgꞏmL-1) were added with the cells and incubated in serum-free medium for 
different time periods (3‒72 h), and then measuring the amount of internalized 
particles at each time point. As shown in Figure 4.9, the uptake of both naked CNDs 
and HSA-Cy7@CNDs was time-dependent and their kinetics followed similar trends. 
Increasing incubation times led to higher uptakes, which followed a linear 
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correlation, and without observing a plateau value (i.e. saturation), under the studied 
conditions. Despite similar trends, the slower internalization rate for the HSA-
Cy7@CNDs is clear, around 3 times slower when compared to the naked CNDs 
(according to the difference in the slopes of the linear correlation). Looking at shorter 
incubation periods, an induction time was observed in both cases, without significant 
differences in the uptake observed up to 12 h of incubation. This finding indicates 
that a critical local density of CNDs on the cell membrane is required to initiate the 
active internalization process. In other words, a small NP such as CNDs may not be 
able to trigger endocytosis by itself because it interacts with an insufficient number 
of receptors, similar to previously reported small NPs (≤ 10 nm).201  

 
 

 

Figure 4.9. Uptake kinetic of CNDs and HSA-Cy7@CNDs (both at 300 μgꞏmL-1) by PC-3 
cells in serum-free medium for different incubation times up to 72 h as measured by FACS. 
The fluorescence intensity collected in the channel 1 (i.e. emission signal from the CNDs) 

The values are expressed as mean ± SD (n=3). 

 
Comparing a natural formed protein corona with an artificial one is an important issue 
for evaluating if a protein corona model system can be used for predicting the NP’s 
behavior in real scenarios. Therefore, kinetic uptake experiments were carried out 
with the CNDs coated with a natural corona formed by their interaction with FBS 
(FBS@CNDs) and CNDs coated with an artificial corona (HSA-Cy7@CNDs). While 
the former one was prepared under incubation in complete medium, the latter one 
was obtained under incubation in serum-free medium, in order not to cause any 
modification of the artificial layer of proteins. Interestingly, the obtained results were 
similar (Figure 4.10), which suggests that the artificial corona formed by HSA is able 
to mimic the behavior of the natural one (i.e. note that albumins are the major fraction 
of proteins present in the FBS). Based on this finding, the proposed protein corona 
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model on CNDs could be used for further studies, in order to better understand the 
role of CNDs in biological and biomedical applications.  

 

Figure 4.10. Comparison of the uptake kinetics of CNDs coated with a natural protein 
corona formed in the presence of FBS (FBS@CNDs) and with a corona formed artificially 
(HSA-Cy7@CNDs) as measured by FACS. MFI corresponds to the fluorescence collected 
in the channel 1, i.e. emission signal from the CNDs. The values are expressed as mean ± 

SD (n=3). 

 
4.3.1.1.4. Reversibility of protein adsorption 
To further study the reversibility of the protein binding onto the CNDs surface, the 
HSA-Cy7@CNDs were incubated with cells in complete medium (which contain 
natural proteins from the serum) and then its uptake kinetics were studied. Owing to 
the fact that the HSA protein was labeled with Cy7, it was possible to measure by 
FACS the signals coming both from the CNDs and from the HSA-Cy7. The kinetics 
uptake pattern was quite different for each fluorescence channel (Figure 4.11b), 
which clearly indicates that the protein-CNDs complex does not remain as a “unique 
entity” in time, or otherwise the evolution of the fluorescence signals from the 
different parts should be the same. Significant increase of the HSA signal from 6 to 
12 h could be explained by desorption of some HSA-Cy7 from the CNDs (probably 
replaced by the proteins present in the medium) and the free HSA-Cy7 molecules 
being internalized faster than the HSA-Cy7@CNDs. However, the signal of HSA-
Cy7 decreased along the time, while that of CNDs increased continuously, without 
reaching a plateau. We suggest that this observation could be due to two possible 
reasons: (i) after 48 h of incubation, a large fraction of HSA-Cy7 is replaced by 
natural non-labeled proteins, before internalization of the HSA-Cy7@CNDs and 
therefore, once the modified HSA-Cy7@CNDs is internalized, it will give a lower 
HSA-Cy7 signal because there is lower number of labeled-HSA per CND, and/or (ii) 
the HSA-Cy7@CNDs is partially desorb inside cells and the exocytosis of free HSA-
Cy7 is faster than both the exocytosis of free CNDs and the uptake of new HSA-
Cy7@CNDs. Nevertheless, these results showed that natural proteins of the serum 
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are replacing partially some of the HSA-Cy7 which formed the artificial protein 
corona (Figure 4.11a); therefore, the adsorption of HSA onto CNDs is reversible and 
the protein corona formation in this particular system can be described as a dynamic 
equilibrium.  
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11. (a) Schematic representation of the dynamic equilibrium of the protein corona 
showing the replacement of initially adsorbed protein onto the CNDs when the particles are 
placed in culture medium containing serum proteins (FBS-proteins). (b) Uptake kinetics of 
HSA-Cy7@CNDs (300 μgꞏmL-1) by PC-3 cells in complete medium as measured by FACS 
colleting the channel 1 (i.e. emission from CNDs) and channel 2 (i.e. emission from HSA-

Cy7). The values are expressed as mean ± SD (n=3). 

 
4.3.1.1.5. Imaging  
By confocal fluorescence microscopy, qualitative data of the impact of the protein 
corona on the internalization of CNDs was obtained.  
Figure 4.12 shows representative images of internalized naked CNDs, CNDs with a 
natural corona (FBS@CNDs), and CNDs with the artificial protein corona (HSA-
Cy7@CNDs) under different incubation times (24 h and 72 h). The CNDs entered 
into cells without any further functionalization, and the uptake extent was higher at 
longer incubation times, which confirms the results obtained by FACS. Images also 
showed that the presence of a protein corona, either natural (FBS@CNDs) or artificial 
(HSA-Cy7@CNDs), led to a decreased internalization rate. However, no significant 
differences were observed in the intracellular localization in the presence of the 
protein corona. All together, confocal microscopy qualitatively supports the 
quantitative data obtained by FACS. 
 
 
 
 

a) b) 
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Figure 4.12. PC-3 cells incubated with 300 μgꞏmL-1 (a) CNDs or (b) HSA-Cy7@CNDs for 
24 h or 72 h and in two different medium conditions (with and without FBS). The 

fluorescence of the CNDs is shown in green and that of the HSA-Cy7 in red.  

a) 

b) 
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4.3.2. CNDs as drug delivery systems 
4.3.2.1. CNDs-PTX 
Herein, we apply CNDs as vehicle towards the improvement of solubility and drug 
delivery of PTX. Thus, we created a multifunctional nanomaterial combining 
imaging and drug delivery. First of all, the half maximal inhibitory concentration 
(IC50) was investigated for CNDs-PTX and PTX. Breast (MCF-7 and MDA-MB-231) 
and lung (A-549) were selected as target human cancer cell lines. The IC50 showed 
attractive results since our nanocarrier was more effective than the free drug (Table 
4.1). These results encouraged us to expand its use in other different cell lines. 
Afterwards, CNDs-PTX system was tested in further human cancer cell lines: 
prostate (PC-3) and cervix (HeLa and C33-A). As collected in Table 4.1, only for 
PC-3 and C33-A cell lines, the results showed better efficiency when CNDs-PTX was 
used instead of PTX; however, no improvement was observed for HeLa cells. 
Therefore, it can be concluded that the CNDs can act as a vehicle to improve the 
efficacy of PTX in solid tumors.  
 

Table 4.1. Concentration of PTX and CNDs-PTX required to kill 50 % of cells, IC50. 

 
 
 
 
 
 
 
  
 
 
 
In Figure 4.13 is observed the Dose-Response diagrams of the cell viability. The fits 
were calculated based on the logarithm of concentration required to show changes in 
the cell viability and to calculated the IC50. As it is showed in Figure 4.13a, the 
minimum concentration to observe changes in cervix cells was higher than the other 
cancer cell lines. Thus, these results suggest that CNDs-PTX showed low efficiency 
to fight against these kinds of cells. The behavior for others cancer cell lines was the 
opposite, showed a high efficiency compared with the free drug. 
 
 
 
 
 
 
 

Cell line PTX 
ngꞏmL-1 

CNDs-PTX 
ngꞏmL-1 

MCF-7 
MDA-MB-231 
A-549 
PC3 
HeLa 
C33-A 

81.4 ± 0.1 
91.0 ± 0.1 
34.6 ± 0.1 

179.7 ± 0.1 
2.9 ± 0.2 

2820.0 ± 192.0 

69.2 ± 0.2 
65.1 ± 0.1 
30.4 ± 0.2 

140.8 ± 0.2 
3.4 ± 0.3 

930.0 ± 179.7 
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Figure 4.13. Dose-Response diagram of the cell viability of (a) C33-A (b) MCF-7 (c) 
MDA-MB-231 (d) A-549 (e) PC-3 (f) HeLa cells treated with PTX (black line) and CNDs-

PTX (red line). The values are expressed as mean ± SD (n=4). 

 

Moreover, statistical analyses were carried out for each cell line in order to explore 
if there is a particular concentration that is significantly different from the free drug. 
The results collected in Figure 4.14 show the different concentrations of the species 
used for the cell viability assays for C33-A, MCF-7, MDA-MB-231 and PC-3 that 

a) b) 

c) d) 

e) f) 
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present a significant improvement of the CNDs-PTX against the free drug. For 
instance, at the concentration of 0.1 ngꞏmL-1 of PTX and CNDs-PTX in MCF-7 
cancer cell line, the efficiency of the second was higher than the former, with a P < 
0.001 i.e. P values of less than 0.05 were considered statistically significant (Figure 
4.14b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
Figure 4.14. Cell viability of CNDs-PTX and PTX in several cancer cell lines at 72 h of 
incubation. (a) C33-A (b) MCF-7 (c) MDA-MB-231 (d) A-549 (e) PC-3 (f) HeLa cells 
treated with PTX (green bars) and CNDs-PTX (blue bars). The statistical analyses were 
performed using two-way ANOVA followed by Bonferroni’s test. Data are expressed as 

mean ± SEM (n = 4). ***P < 0.001, **P < 0.01 and *P < 0.05.  

c) d) 

e) f) 

a) b) 
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Colorimetric assays are widely used to measure cell viability and cytotoxic effects; 
some of the most used tests are based on the following substrates: MTT, (3-(4,5-
dimethyl-thiazol-2-yl)-5-(3-carbocymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS), and 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide (XTT). However, these kinds of assays are single endpoint assays. 
The xCELLigence system can offer a real-time viable cell electronic sensing and 
supply the lack of information that provides the traditional experiments.202 Therefore, 
xCELLigence was chosen as a platform for the biological study of the cell state. In 
this way, lung cancer cells were incubated in a complete media and cells responded 
through changes in their adherence to the conductive substrate, which was registered 
as a parameter named cell index (Figure 4.15). The curves showed a dose dependent 
cell response to CNDs-PTX. This result is in good accordance with the 
literature.203,204 It can be noticed that following 20 h-incubation of A-549 cells with 
100 ngꞏmL-1 CNDs-PTX, the cell index showed an initial decline, which 
corresponded to the morphological changes of the cells as a result of mitotic arrest 
and cell death. This cytotoxic profile induced by 100 ngꞏmL-1 CNDs-PTX is 
equivalent to the one registered for the free drug.203 This information suggests a 
similar mechanism of action of PTX and CND-PTX, probably due to the PTX release 
from the surface of the CNDs via esterases.205 Furthermore, Xu et al. reported that 
anti-mitotic compounds with similar mechanisms of action have often similar profiles 
in this technique.203 

 

Figure 4.15. Real-Time survival curve of A-549 cancer cell line treated with different 
concentrations of CNDs-PTX. 

 
PTX, as an anticancer drug, can cause cellular apoptosis by microtubule 
stabilization.206 Thus, cellular apoptosis was evaluated with 4’,6-diamidino-2-
phenylindole (DAPI) as a nuclear counterstain that binds strongly to AT regions of 
DNA.156 The nuclear stain was imaged at 405 nm excitation wavelength. As the DAPI 
and CNDs fluorescence emission spectra overlap, cyanine (Cy5) was used as label 
for easier discrimination of CNDs from DAPI. A-549 cells were incubated for 24 h 
with CND-PTX-Cy5 at a concentration of 20 ngꞏmL-1 related to PTX. Imaging of the 
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cells incubated with CNDs-Cy5 (Figure 4.16a) showed a homogeneous cell 
fluorescence without any presence of condensation, fragmentation of the nuclei nor 
apoptotic bodies, which are typical features of cellular apoptosis. In contrast, the 
nuclei of the cells treated with CNDs-PTX showed an apoptosis Stage III, displaying 
a grape shaped periphery and surrounding protrusions of chromatin, distributed in a 
few spherical apoptotic bodies (Figure 4.16b).207 The apoptosis-inducing effect, 
despite the lack of a microtubule staining pattern by CND-PTX, can be explained by 
the cytosolic esterase effect mentioned above.205 This result indicates PTX-CNDs 
keeps the same mechanism of action as PTX alone.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.16. Apoptosis detection by confocal imaging of DAPI-nuclear stained (green), and 
CNDs-Cy5 (red). A-549 cells treated with CNDs-Cy5 (a) and CNDs-PTX-Cy5 (b). 

 
The release of the covalently attached drugs from CNDs generally occurs by 
hydrolysis.208 To test the intracellular release of PTX from the CNDs, the acute 
monocytic leukemia THP-1 cells that grow in suspension, and have a high uptake 
rate, were firstly incubated with CNDs-PTX for 24 h. Then, they were washed with 
media to remove the dots not attached to the cells and, finally, cell lysis was 
performed. Once the membrane-containing fraction was discharged, pristine CNDs 
were observed by fluorescence spectroscopy in the hydrosoluble fraction (Figure 
4.17), showing a maximum excitation wavelength of 300 nm as described previously 
for CNDs (see Chapter 2, maximum emission intensity at 365 nm when excited at 
300 nm). Such results indicated that the ester bond between PTX and CNDs was 
hydrolyzed to release drug, thus leaving CNDs appended with succinic acids (from 
the succinic anhydride previously attached onto the PTX). The FL spectrum presented 
for CNDs-succinic acid was approximately the same as pristine CNDs (max emission 
at 378 nm when excited at 300 nm), since succinic acid did not cause changes on the 
surface of the nanomaterial. 
 

a)  b) 
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Figure 4.17. Fluorescence spectrum of the hydrosoluble fraction of THP-1 cells pre-
incubated with CNDs-PTX that represents the CNDs-succinic acid. 

 
4.3.2.2. CNDs-CBL 
After successfully employing CNDs-PTX as a drug delivery nanocarrier, we sought 
to extend our methodology to another drug, such as CBL. First of all, to applied this 
system to the use of drug delivery their pharmaceutical activity was evaluated with 
four cancer cell lines (MDA-MB-231, HeLA, HL60, Jurkat) and one non-cancerous 
(HDFa), which were treated with different dose of CNDs-CBL and CBL for 72 h. As 
expected, after 72 h of incubation all kinds of cells treated with free CBL were found 
to inhibit the cell growth at any concentrations. Moreover, the cell death is increasing 
with the concentration of the species, as observed in Figure 4.18. Interestingly, the 
results showed a better efficiency when CNDs-CBL was used rather than CBL alone 
in MDA-MB-231, HeLa and HL60 cell lines; for the Jurkat cell line, the efficiency 
of both CNDs-CBL and CBL was almost equivalent. In particular, for HL60 cells 
incubated with CBL and CNDs-CBL at a concentration of 10 μgꞏmL−1, 40 % and 
almost 60 % of the cancer cells, respectively. Thus, our nanocarrier displayed a better 
efficiency. As previously demonstrated, since CNDs do not affect the cell survival, 
the toxicity is induced by the loaded CBL drug, which retains its pharmacodynamic 
activity. 

 
 
 
 
 
 
 
 
 
 

a) b) 
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Figure 4.18. In vitro antitumor efficacy of CNDs-CBL and CBL in several cancer cell lines 
at 72 h of incubation. (a) MDA-MB-231, (b) HeLa, (c) HL60 and (d) Jurkat cell lines treated 
with CBL (green bars) and CNDs-CBL (blue bars). The statistical analyses were performed 
using two-way ANOVA followed by Bonferroni’s test. Data are expressed as mean ± SEM 

(n=4). ***P < 0.001, **P < 0.01 and *P < 0.05. 

 

We also examined the effect of free CBL and CNDs-CBL on human dermal 
fibroblasts (HDFa, i.e. healthy cells). Figure 4.19 shows the in vitro cell viability 
using similar doses, after 72 h. It is noteworthy that CBL and CNDs-CBL displayed 
a similar profile up to 150 μgꞏmL-1, then CNDs-CBL induced death at a lower rate 
than free CBL, indicating that CNDs-CBL exhibit more prohibitive effect on cancer 
cells compared to the non-cancerous ones. Therefore, it can be concluded that the 
CNDs improved the effectiveness in cancer cell lines, when compared to CBL alone. 

 

Figure 4.19. In vitro antitumor efficacy of CNDs-CBL (blue bars) and CBL (green bars) in 
human dermal fibroblasts, HDFa cell line after 72 h of incubation. The statistical analyses 

were performed using two-way ANOVA followed by Bonferroni’s test. Data are expressed 
as mean ± SEM (n = 4). ***P < 0.001, **P < 0.01 and *P < 0.05. 

 

c) d) 
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4.3.3. Permeation of CNDs and PEGylated-CNDs through in vitro Blood-
Brain Barrier  
The blood-brain barrier (BBB) plays a critical role in normal physiology of the central 
nervous system by regulating what reaches the brain from the periphery. Nowadays, 
it is of great interest the study of the permeability and delivery through the BBB of 
therapeutic agents, for the treatment of the most brain disorders. However, being 
unable to perform real-time studies of BBB function in 3D models has been the 
liming factor. Thus, the xCELLigence system can offer a real-time cell electronic 
sensing and supply the lack of information that provides the traditional 
experiments.202 Herein, we evaluated the permeability of CNDs and carbon nanodots 
modified with PEGylated chains (CNDs-DEGd and CNDs-PEG400) trough an in vitro 
3D inverted BBB model using real time xCELLigence system to study the cell state 
(Figure 4.20). 

 
Figure 4.20. (a) Representation of the xCELLigence cell migration plate, (b) the 3D 

inverted BBB model. Adapted from MacLean et al. 2014.209 

 
We have cultured an inverted BBB model with human umbilical vein endothelial 
cells (HUVEC) on electrodes, which are on the lower surface of xCELLingence cell 
invasion migration plates, as it is showed in Figure 4.20.209 Then, the cell invasion 
migration plates were incubated at 37 ºC and 5 % of CO2. The cell response, named 
cell index, followed the changes in HUVEC cells and was registered due to the 
conductive substrate.203 The cell index showed an initial increase, which 
corresponded to the morphological changes of the cells. When HUVEC cells reached 
a plateau, around 70 h, astrocytes were seeded into the basal wells (Figure 4.21). 
Afterwards, the BBB model was followed using the xCELLigence software to 
monitor the effects of astrocyte processes on electrical resistance of the HUVEC 
cells. Following this, the cell invasion migration plates were incubated at 37 ºC and 
5 % of CO2.  

a) b) 
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Figure 4.21. Real-Time monitoring of endothelial cells. 

 
We incubated propidium iodide as positive control (crosses the membrane) and 
FITC-Dextran 10KDa as negative control (does not cross the membrane) in order to 
confirm the permeability of the 3D BBB model. To assess the barrier permeability, 
we measured the rate of diffusion across the membrane (Equation 4.1), commonly 
known as permeability coefficient (Papp):210 
 
Equation 4.1                    									 ௔ܲ௣௣ ൌ ௏

஺	ൈ	ሾ஼ሿೌ೛೔೎ೌ೗
ൈ ∆ሾ஼ሿ್ೌೞ೚೗ೌ೟೐ೝೌ೗

∆௧  

 
To assess the permeability of CNDs and their derivatives, we incubated 500 μgꞏmL-

1 of each sample onto the basal side of the BBB model. We carried out the 
measurements at the end of each assay; we collected the medium from both the lower 
surface and basal sides of the cell invasion migration plates of the BBB model, after 
24 h. Then, we measured the concentration of the controls and the CNDs in the 
medium of both sides by determining the absorbance intensity, based on the 
analytical curves of each sample measured with a microplate reader. We evaluated 
the permeability of CNDs and derivatives through an inverted BBB using a real-time 
cell response. Therefore, we can confirm that our nanomaterials were able to cross 
the BBB model (Figure 4.22), as the Papp of the CNDs was higher that the positive 
control. 

Astrocytes addition 
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Figure 4.22. Permeability of CNDs, CNDs-DEGd, CNDs-PEG400, propidium iodide 
(+Control) and FITC-Dextran 10KDa (-Control) through a 3D inverted BBB model. The 

values are expressed as mean ± SD (n=4). 
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4.4. Conclusions 
In the first part of this chapter, the viability of CNDs in biological and biomedical 
applications was assessed by preparing new hybrid materials with protein corona. 
Particular attention has been placed in the quantitative analysis of the uptake, the 
kinetics and the reversibility of the protein adsorption. We observed a significant 
decrease in the extent of internalization and a slow-down in the uptake kinetics of the 
CNDs by the cells. In addition, we have designed a model of labeled artificial corona, 
which was shown to mimic the behavior of the natural corona formed spontaneously 
in the presence of serum proteins.  

Furthermore, the most impressive results obtained in this chapter were the high 
efficiencies shown by our nanocarriers CNDs-PTX and CNDs-CBL, in terms of the 
pharmacological activity in tumor models. Moreover, the ability of the CNDs-CBL 
to discern between cancer cell lines and non-cancerous cells was also observed. 
Thereby, such findings indicate that the nanocarrier approach is as a very promising 
candidate for highly efficacious drug delivery, commonly used in cancer therapy.  

Finally, we evaluated the in vitro permeability of CNDs and their derivatives through 
an inverted BBB using a real-time cell response. The resulting nanomaterials were 
able to cross the BBB model. 
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General Conclusions and Future Perspectives 
 
 
 
 

“You can only analyze the data you have. Be strategic about what to 
gather and how to store it” Marie Skłodowska Curie 

 
 
 
 
Herein, the general conclusions of the research studies presented on this dissertation 
are summarized. 

In the first Chapter of this thesis an introduction about C-Dots was described. A 
critical classification of the different types of C-Dots was reported. Moreover, the 
production methods, properties and applications (especially bioapplications) were 
also discussed. 

The synthesis, purification and characterization of nitrogen-doped CNDs were 
presented in Chapter 2. It was employed a simple, controllable and fast microwave-
assisted hydrothermal synthesis for CNDs that holds promise for bioapplications. The 
obtained material was characterized by employing UV-Vis, FL, FT-IR, AFM, TEM, 
DLS and XPS techniques. CNDs showed tunable fluorescence emission, with sizes 
around 3 nm, excellent solubility in water and several functional groups onto their 
surface.  

In Chapter 3, the functionalization of CNDs with different molecules by using several 
approaches was described. In the first part of this chapter, the surface modification of 
CNDs was performed with a DEG derivative and maleimide groups. Moreover, 
different methods of purification were assessed. Furthermore, CNDs were 
functionalized with FeNPs, drugs and proteins. The as-prepared nanomaterials were 
characterized by employing UV-Vis, FL, FT-IR, AFM, TEM, DLS and XPS 
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techniques. The loading of the drugs was calculated through TGA and MALDI 
techniques, while for the quantification of the protein HSA adsorbed onto the surface 
of the CNDs it was used the Bradford assay. 

In the final chapter, the as-prepared nanosystems were investigated as drug delivery 
systems and nanocarriers. Firstly, the cell viability of CNDs in several cancer cell 
lines was assessed by MTT assay. The CNDs resulted to be no toxic up to high 
concentrations. Then the hybrids discussed in chapter 3 were studied. Particular 
attention has been placed in the quantitative analysis of the uptake, the kinetics and 
the reversibility of the protein adsorption in the CNDs-HSA system. A significant 
decrease in the extent of internalization and a slow-down in the uptake kinetics of the 
CNDs by the cells were observed. In addition, we have designed a model of labeled 
artificial corona, which was shown to mimic the behavior of the natural corona that 
is formed spontaneously in the presence of serum proteins. In the third part of the 
chapter, promising results in terms of the pharmacological activity in tumor models 
were observed for the nanocarriers CNDs-PTX and CNDs-CBL. Moreover, the 
ability of the CNDs-CBL to discern between cancer cell lines and non-cancerous cells 
was also observed. Our results indicate that the use of CNDs as nanocarrier result in 
promising drug delivery systems. Finally, it was evaluated the in vitro permeability 
of CNDs and their derivatives through an inverted BBB using a real-time cell 
response. The resulting nanomaterials were able to cross the BBB model. 

As a future perspective, an optimization of the FeNPs functionalized with a rigid 
linker onto the surface of the CNDs will be studied. In addition, in order to validate 
the final nanosystem, further experiments will be addressed, such as studying the 
magnetic properties. 

Subsequently, as a promising goal, the use of CNDs-Maleimide for the construction 
of the target biomolecule will be addressed. In order to achieve this future goal, the 
covalent functionalization of CNDs-Maleimide with –SH peptides will be exploited, 
searching a maximum coverage while maintaining a good colloidal stability of the 
resulting complex. In addition, the final nanosystem will be characterized.  

Finally, CNDs derivatives with PEGylated chains have showed potential to cross the 
BBB; therefore, a drug to target the brain will be attached onto the nanosystem. At 
this point, a comparison of the different derivatives CNDs-PEGylated to cross the 
BBB will be carried out.  

In summary, in this doctoral thesis, interesting and novel hybrid materials based on 
CNDs were designed, prepared and studied as drug delivery systems, bioimaging 
agents and drug nanocarriers. 
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Experimental Section 
 
 
 
 
 
 
 
 
 

I. Experimental details 
II. Reagents and materials 
L-Arginine (Arg), ethylenediamine (EDA), [2-(2-Methoxyethoxy)ethoxy]acetyl 
acid, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-
Hydroxysuccinimide, FeCl2, FeCl3, paclitaxel, succinic anhydride, N,N-
dimethylformamide, human serum albumin, pyridine, Kaiser test kit and sephadex 
LH-20 were purchased from Sigma-Aldrich without further purifications. Cyanine5 
NHS ester and sulfo-Cyanine7 NHS ester (Cy7) were purchased from Lumiprobe. 
All the reagents were used as supplied without further purifications. Dialysis 
membrane tubes with a cutoff 0.5-1 kDa and 1-3 kDa were supplied by Spectrum 
Labs. PD-10 desalting column packed with sephadex G-25 resin were obtained from 
GE Healthcare while amicon ultra-15 centrifugal filter units with a cut-off 30 kDa 
were supplied by Millipore. Bradford reagent was obtained from AppliChem 
(Germany). The solvents used were purchased from Carlo Ebra.  

For cell culture, 75 cc T-flask (T75) and 48 well-plates were obtained from Nunc. 
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and L-
glutamine were purchased from Gibco. Penicillin and streptomycin were purchased 
from Hyclone. Hanks′ Balanced Salt solution and Trypan Blue solution were supplied 
by Sigma-Aldrich. Cell Proliferation kit I based on 3(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT assay) was purchased from Roche. 8-well glass 
Millicell EZ slide was supplied by Millipore and mounting media by Dako. Ultrapure 
water (18.2 MΩ cm @25 °C) used in all the experiments was produced using a Milli-
Q water system.  
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III. Apparatus  
UV-Vis absorption spectra were recorded on a V-630 Bio spectrophotometer Jasco 
Analytical Instruments. Fluorescence spectra were measured on a LS55 Perkin Elmer 
fluorimeter. All the spectra were recorded at room temperature using 10 mm path-
length cuvettes. Fourier-transform infrared (FT-IR) spectroscopy was performed on 
a Nicolet 5700 spectrometer from Thermo Electron for KBr pellets. 
Thermogravimetric analysis (TGA) were run on a TA Instruments Discovery system 
under N2 purge with a heating rate of 10 °Cꞏmin-1. XPS experiments were performed 
in a SPECS Sage HR 100 spectrometer with a non-monochromatic X-ray source of 
Magnesium with a Kα line of 1253.6 eV energy and 250 W. The samples were placed 
perpendicular to the analyzer axis and calibrated using the 3d5/2 line of Ag with a 
full width at half maximum (FWHM) of 1.1 eV. An electron flood gun was used to 
compensate for charging during XPS data acquisition. The selected resolution was 
30 and 15 eV of Pass Energy and 0.5 and 0.15 eV/step for the survey and high-
resolution spectra, respectively. Measurements were made in an ultra-high vacuum 
(UHV) chamber at a pressure below 8ꞏ10 8 mbar. Fitting of the XPS data were done 
using Casa XPS 2.3.16 PR 1.6 software. For our data, the Shirley-type background 
subtraction was used and all curves were defined as 30% Lorentzian, 70% 
Gaussian. Atomic ratios were computed from experimental intensity ratios and 
normalized by atomic sensitivity factors. A Malvern Zetasizer, equipped with a 
10 mW He–Ne laser operating at a wavelength of 633 nm, was used to measure the 
hydrodynamic diameter dh (with dynamic light scattering, DLS) and the zeta-
potential (with laser Doppler anemometry, LDA) of the samples. Atomic force 
microscopy (AFM) images were obtained with a Nanoscope IIIa, VEECO 
Instruments. As a general procedure to perform AFM analyses, tapping mode with a 
HQ:NSC19/ALBS probe (80 kHz; 0.6 N/m) (MikroMasch). The obtained AFM-
images were analyzed in Gwyddion 2.41. Transmission electron microscopy (TEM) 
images were acquired in JEOL JEM 2100F microscope. Sample was prepared on 
glow discharged carbon film 400 copper mesh grids from Electron Microscopy 
Sciences (Hatfield, USA) and uranyl acetate purchased from Electron Microscopy 
Science was used for the negative staining of the sample. Image J software was used 
for the analysis of the images. NMR spectra were obtained on a Varian Inova 
spectrometer (500 MHz 1H and 125 MHz 13C) or on a JEOL Eclipse 400FT (400 
MHz 1H). Chemical shifts are reported in ppm using the solvent residual signal as an 
internal reference (CDCl3: δH = 7.26 ppm). The resonance multiplicity is described 
as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet). MALDI-Tof mass 
analyses were performed on an Ultraflextreme III time-of-flight mass spectrometer 
equipped with a pulsed Nd:YAG laser (355 nm) and controlled by FlexControl 3.3 
and FlexImaging 2.1 softwares (Bruker Daltonics, Bremen, Germany). Absorbance 
of MTT product was detected in a micro plate reader GENios Pro, TECAN. The 
normalized cell index at real time was measured on a xCelligence Real-Time Cell 
Analysis (RTCA). Fluorescence images were taken in a confocal microscope (lsm 
500 meta, Zeiss) with laser 488 nm, 505 LP filter and 20X magnification objective 
with differential interference contrast for transmitted light. Flow Cytometry 
measurements were carried out using a 3-laser BD FACS Canto™ II system and data 
analysis was performed with FACSDiva software.  
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IV. Synthesis and methods 
i. Synthesis 

 
CNDs (3)31 

 
 
 
 
 
 

Briefly, 87 mg of L-Arginine and 33 μL of ethylenendiamine (1:1 mol) were 
dissolved in 100 μL of water and placed into a microwave reactor. The mixture was 
heated at 240 °C and 200 W for 180 s. During the microwave heating, the solution 
changed color from transparent to brown as a result of the formation of CNDs. The 
solution was then diluted with water and filtered through a 0.1 μm microporous 
membrane separating a deep yellow solution that was dialyzed against pure water for 
2 days by using a dialysis membrane (cut-off 0.5-1 KDa). The aqueous solution of 
CNDs was lyophilized giving 27.0 mg of a yellowish solid which was stored in dry 
form at darkness until use. 

 

CNDs-DEGd (5) 

 

 

 

 

To a solution of 2.0 mg (0.01 mmol) of [2-(2-Methoxyethoxy)ethoxy]acetyl acid in 
5.0 mL of DMF, 3.2 mg (0.01 mmol) of EDC, and 2.0 mg (0.01 mmol) of NHS were 
added. The mixture was stirred at 0 ºC for 1 h. CNDs 5.0 mg were added and the 
resulting mixture was stirred at r.t. overnight. The solvent was removed under reduce 
pressure re-suspended in milli-Q water and filtered through a 0.1 μm microporous 
membrane. The solution was dialyzed against milliQ water for 24 h. The aqueous 
solution of CNDs-DEGd was lyophilized giving a yellowish solid which was stored 
in dry form at darkness until use. This gave 7.8 mg of CNDs-DEGd yellowish 
powder. 

 

 

3 

5 
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[2-(2-Methoxyethoxy)ethoxy]acetyl chloride (6)155 

 
The acid [2-(2-Methoxyethoxy) ethoxy]acetyl acid 1.0 g (5.6 mmol) was slowly 
dropped in a round bottomed flask containing thionyl chloride 1.2 mL (17.0 mmol) 
in dichloromethane (2.5 ml). The resulting clear solution was stirred at room 
temperature for 15 min, then refluxed for 1 h. Thionyl chloride and volatiles were 
removed by vacuum obtaining the acid chloride in quantitative yield as a liquid (639 
mg, 58 %). 1H-NMR (400 MHz, CDCl3) G: 5.14 (m, 1H), 3.60 (s, 4H), 3.55-3.49 (m, 
4H), 3.30 (m, 2H), 2.86 (t, J = 5.2 Hz, 2H), 1.43 (s, 9H), 1.29 (m, 2H) ppm. 

 

CNDs-PEG400 (5’) 
 

 

 

 

To a solution of 40.0 mg (0.04 mmol) of CNDs in 5.0 mL of ethanol, 32.0 mg of tosyl 
chloride precursor of PEG400 was added. The mixture was stirred at reflux overnight. 
The solvent was removed under reduce pressure re-suspended in milli-Q water and 
filtered through a 0.1 μm microporous membrane. The solution was evaporated again 
and the crude was chromatographed by size exclusion chromatography 100% MeOH. 
The obtaining aqueous fractions of CNDs-PEG400 were lyophilized giving a 
yellowish oil which was stored at darkness until use. This gave 62.5 mg of CNDs-
PEG400. 

 

CNDs-Maleimide (8) 

 

 

 

 

To a solution of 3.0 mg (0.01 mmol) of N-succinimidyl 3-maleimidopropionate in 
5.0 mL of DMF, 6 µl mg iPrEt3N and 5.0 mg (0.01 mmol) of CNDs were added. The 
mixture was stirred at r.t. at r.t. overnight. The solvent was removed under reduce 
pressure re-suspended in milli-Q water and filtered through a 0.1 μm microporous 
membrane. The solution was dialyzed against milli-Q water for 24 h. The aqueous 
solution of CNDs-Maleimide was lyophilized giving a yellowish solid which was 

6 

8 

5’ 
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stored in dry form at darkness until use. This gave 6.3 mg of CNDs-Maleimide 
yellowish powder. 

 

CNDs-Cy5 (10) 

 
A solution of 40.0 mg of CNDs and 2.5 mg of cyanime5 NHS in 5.0 mL of DMF was 
stirred at r.t. overnight. The solvent was removed under reduce pressure. The crude 
was diluted with water and was filtered through a 0.1 μm microporous membrane 
separating a blue solution that was dialyzed against pure water through a dialysis 
membrane for 1 day. The aqueous solution of CNDs-Cy5 was lyophilized giving 38.0 
mg of a blue solid. 

 

Fe3O4 nanoparticles FeNPs (13)160 

 
The iron nanoparticles were synthesized under a nitrogen atmosphere, it was used a 
1:2 mol ratio of Fe2+ and Fe3+ respectively. Each iron salt was weighed out and 
subsequently dissolved in 50 mL DI water. Both iron salt solutions were combined 
in a 3-necked flask and heated to 70 ºC under vigorous mechanical stirring. 
Ammonium hydroxide was added drop-wise until a uniform black solution (at a pH 
of 10 – 11) had precipitated and was then left for 1 h at 70 ºC. After that, the Fe3O4 
nanoparticles were magnetically separated and then washed three times with DI water 
and another three times with dichloromethane. The washed Fe3O4 nanoparticles were 
kept it in solution until used.  

 

 

 

 

 

10 

13 
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FeNPs-TEPSA (15)161 

 
 

The as-obtained suspension of FeNPs 20 ml was diluted with dimethylformamide (50 
ml) and water was eliminated under reduced pressure. TEPSA 7.1 ml (25 mmol) was 
then slowly added to the nanoparticle dispersion in DMF; 4.3 ml of water was then 
added, followed by an aqueous solution of TMAOH 2.5 ml (1 M; 2.5 mmol) at room 
temperature and under stirring. The solution was heated to 100 ºC for 24 h under 
continuous stirring. The magnetic nanoparticles were collected and dissolved with 
acetone diethylether mixture and then magnetic decantation was carried out. After 
washing with acetone, the black precipitate was dispersed in water and magnetically 
separated again. The amount of carboxylic groups was estimated as a molar ratio of 
0,65 mmolꞏg-1 acidic functions compared to the total iron content.  

 

CNDs-FeNPs (16) 

 
To a solution of 4.4 mg (0.003 mmol) of FeNPs-TEPSA in 5.0 mL of DMF, 1.0 mg 
(0.005 mmol) of EDC, 0.6 mg (0.005 mmol) of NHS and 2 µl Et3N were added. The 
mixture was stirred at 0 ºC for 1 h. CNDs 2.0 mg were added and the resulting mixture 
was stirred at r.t. overnight. The magnetic decantation was performed and washes 
with DI water, methanol and diethyl ether were performed. This gave 5.0 mg of 
CNDs-FeNPs-TEPSA as a brown solid. 

 

tert-butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (19)164 

 
Synthesis of tert-butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate.164 A solution 
of di-tert-butyl dicarbonate 22.5 g (101 mmol) in THF (150 mL) was added dropwise 
to a solution of 2,2′-(Ethylenedioxy)bis(ethylamine) 30 mL (202 mmol) in THF (150 
mL) at 0 ºC. After the addition, the mixture was allowed to reach r.t. and was stirred 
overnight. The solvents were removed under reduced pressure, the resulting crude 

19 

15 

16 
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was redisolved in DI water and filtered on celite. The aqueous phase was washed with 
PET (3 x 150 mL), then the product was extracted with AcOEt (3 x 150 mL), the 
combined organic layer was dried with dry Na2SO4 and filtered. The solvents were 
removed under reduced pressure, yielding the product as a yellow liquid (12.3 g, 49 
%). 1H-NMR (400 MHz, CDCl3) G: 5.14 (m, 1H), 3.60 (s, 4H), 3.55-3.49 (m, 4H), 
3.30 (m, 2H), 2.86 (t, J = 5.2 Hz, 2H), 1.43 (s, 9H), 1.29 (m, 2H) ppm.  
 
Linker-FeNPs (21) 
 

 

 
 
To a solution of 500.0 mg (0.4 mmol) of FeNPs-TEPSA in 20.0 mL of DMF, 191.7 
mg (0.6 mmol) of EDC, 68.2 mg (0.6 mmol) of NHS and 174 µl Et3N were added. 
The mixture was stirred at 0 ºC for 1 h. Then, tert-butyl (2-(2-(2-
aminoethoxy)ethoxy)ethyl)carbamate 147 mg were added and the resulting mixture 
was stirred at r.t. overnight. The magnetic decantation was performed and washes 
with DI water, methanol and diethyl ether were performed. This gave 289.0 mg of 
CNDs-FeNPs-TEPSA as a brown solid. Afterwards, trifluoroacetic acid (TFA, 25 
mL) was added to a solution of 21 (25.0 mg in CH2Cl2 (25 mL). The mixture was 
stirred at r.t. overnight. Then, toluene (50 mL) was added and the solvents were 
removed with reduced pressure, obtaining a brown solid. After, the magnetic 
decantation was performed and washes with DI water, methanol and diethyl ether 
were performed. This gave 15.0 mg of Linker-FeNPs-TEPSA as a brown solid. 

  
CNDs-Linker-FeNPs (22) 

 
To a solution of 20.0 mg (0.003 mmol) of Linker-FeNPs in 5.0 mL of DMF, 0.8 mg 
(0.004 mmol) of EDC, 0.5 mg (0.004 mmol) of NHS and 20 µl Et3N were added. The 
mixture was stirred at 0 ºC for 1 h. CNDs 3.4 mg were added and the resulting mixture 
was stirred at r.t. overnight. The magnetic decantation was performed and washes 
with DI water, methanol and diethyl ether were performed. This gave 26.0 mg of 
CNDs-Linker-FeNPs-TEPSA as a brown solid. 

 

 

22 
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2’-Succinyltaxol (25) 

 

 
 

Synthesis of 2’-Succinyltaxol.175 A solution of 100.0 mg (0.1 mmol) of taxol, 152.0 
mg (1.5 mmol) of succinic anhydride in 2.4 mL of pyridine was stirred for 3 h at room 
temperature. The mixture of pyridine was evaporated to dry in vacuum. The residue 
was treated with 20.0 mL of water, stirred for 20 min, and filtered. The precipitate 
was dissolved in acetone, water was slowly added, and the tine crystals were 
collected. This gave 67.0 mg (59%) of white crystals.1H-NMR (CDCl3), δ: 1.13 (s, 
3H), 1.22 (s, 3H), 1.67 (s, 3H), 1.91 (s, 3H), 2.21 (s, 3H), 2.60 (m, 4H), 3.80 (d, J = 
7.2 Hz, 1H), 4.19 (d, J = 8.8 Hz, 1H), 4.30 (d, J = 8.4 Hz, 1H), 4.42 (dd, J = 4.4, 10.8 
Hz, 1H), 4.97 (d, J = 8.0 Hz, 1H), 5.53 (d, J = 3.6 Hz, 1H), 5.68 (d, J = 7.2 Hz, 1H), 
5.97 (dd, J = 3.2, 9.2 Hz, 1H), 6.23 (t, J = 10.0 Hz, 1H), 6.29 (s, 1H), 7.02 (d, J = 8.8 
Hz, 1H), 7.35 (m, 1H), 7.40 (m, 2H), 7.42 (m, 2H), 7.48 (m, 2H), 7.49 (m, 1H), 7.51 
(m, 2H), 7.61 (m, 1H), 7.74 (dd, J = 1.2, 8.3 Hz, 2H), 8.13 (dd, 2H). MS (IE+), m/z: 
953.3 (M+). 

 

CNDs-PTX (26) 

 
Synthesis of CNDs-PTX. To a solution of 100.0 mg (0.1 mmol) of 2’-succinyltaxol 
in 5.0 mL of DMF, 30.0 mg (0.2 mmol) of EDC, and 18.0 mg (0.2 mmol) of NHS 
were added. The mixture was stirred at 0 ºC for 1 h. CNDs 40.0 mg were added and 
the resulting mixture was stirred at r.t. overnight. The solvent was removed under 
reduce pressure. The crude product was isolated and chromatographed by size 
exclusion chromatography 100% MeOH. This gave 90.0 mg of CNDs-PTX yellow 
powder.  

 

25 
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CNDs-PTX-Cy5 (27)  

 

 

 

 

 

 

 

 

 

 

 

Synthesis of CNDs-PTX-Cy5. A solution of 50.0 mg of CNDs-PTX and 2.5 mg of 
cyanime5 NHS in 5.0 mL of DMF was stirred at r.t. overnight. The solvent was 
removed under reduce pressure. The crude was diluted with water and was filtered 
through a 0.1 μm microporous membrane separating a blue solution that was dialyzed 
against pure water through a dialysis membrane for 1 day. The aqueous solution of 
CNDs-PTX-Cy5 was lyophilized giving 14.0 mg of a bluish solid. 

 

CNDs-CBL (29) 

 
Synthesis of CNDs-CBL. To a solution of 32.0 mg (0.1 mmol) of chlorambucil in 5.0 
mL of DMF, 30.0 mg (0.2 mmol) of EDC, and 18.0 mg (0.2 mmol) of NHS were 
added. The mixture was stirred at 0 ºC for 1 h. CNDs 40.0 mg were added and the 
resulting mixture was stirred at r.t. overnight. The solvent was removed under reduce 
pressure. The crude product was isolated and chromatographed by size exclusion 
chromatography 100% MeOH. This gave 60.0 mg of CNDs-CBL yellowish powder. 

 

 

 

 

27 
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Labeling HSA-Cy7 (32) 

 
Labeling of HSA with Cy7 (HSA-Cy7). The labeling procedure was carried out 
following the protocol recommended by the supplier. The dye dissolved in DMF at 
10 mgꞏmL-1 was added to the HSA protein previously dissolved in sodium 
bicarbonate buffer (100 mM, pH=8.5) at 10 mgꞏmL-1, and the mixture was incubated 
at 25 °C under gentle stirring for 5 h. After that, unreacted Cy7 dye was separated 
from labelled HSA by size exclusion chromatography on Sephadex G-25 using a PD-
10 column and using HEPES buffer (100 mM, pH=8.5) for the elution of the HSA-
Cy7 fraction. This fraction was then washed with HEPES buffer by using amicon 
filters (30 kDa cutoff) to remove remaining free Cy7 molecules, until no free Cy7 
was found in the filtrates, as checked by UV-Vis spectroscopy. Finally, the purified 
HSA-Cy7 solution was stored at 4 °C until use. By absorption spectroscopy the 
degree of labelling (DOL), that is the average number of fluorophore molecules 
linked to a protein molecule, was determined to be ca. 1.2. 

 

HSA-Cy7@CNDs (33) 

 
 

Coating of CNDs with HSA-Cy7. The labelled protein HSA-Cy7 was attached to the 
surface of the CNDs through natural adsorption, just by mixing the protein solution 
with the CNDs solution and leave them to interact overnight under gentle stirring at 
room temperature. In order to get a full corona of HSA-Cy7 proteins around the 
CNDs, that is for achieving the maximum coverage of the CNDs surface, several 
samples were prepared with increasing amounts of HSA-Cy7 while maintaining 
constant the concentration of CNDs (100 μL-aliquots of a CNDs solution at 5 mgꞏmL-

1). The range studied was 0.01, 0.05, 0.1, 0.5, 1.0, and 5.0 nmol of protein per mg of 
CNDs. After incubation overnight, all the samples were purified by a PD-10 column 
to remove the excess of HSA-Cy7 non-adsorbed strongly on the CNDs surface. UV-
Vis spectra of the samples were measured observing an increase of the band of Cy7 
at 750 nm for the samples with higher amount of HSA-Cy7 adsorbed. However, the 
last two samples presented almost identical spectra which indicated that we reached 
the saturation point of the CND surface at 1.0 nmol HSA per mg CNDs. This value 
was selected as the optimum for the maximum coverage and a larger sample was then 

32 
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prepared under this condition. The purified HSA-Cy7@CNDs sample was kept at 4 
°C until use. 

 

ii. Methods 
Procedure of Kaiser test.41 The free amino groups of the CNDs were determined using 
a commercially kit of Kaiser test, which is based on the intensive blue colour is 
generated by reaction of ninhydrin with free primary amines generating an intense 
blue color that is measured spectrophotometrically. 0.3 mg of CNDs were weight and 
the following solution reagents were added: 75 µL of solution 1 (80 g of phenol in 20 
mL of ethanol), 100 µL of solution of 2 (2 mL of KCN 1 mM in water in 98 mL of 
pyridine), and 75 µL of solution 3 (1 g of ninhydrin in 20 mL of ethanol). Then, the 
mixture was heated at 120 ⁰C for 10 min, and finally diluted with ethanol 60 % in 
water up to a final volume of 3 mL. For the quantitative determination of the free 
amino groups on the surface of the nanoparticles the absorbance was recorded at 570 
nm (A570), setting the zero on the blank without sample. The following equation 
(Equation 1) gives the ratio between the moles of the amine moiety and the weight 
of the sample: 

Equation 1   μmol/g ൌ ୅570	∙	୚		∙		ଵ଴6

க	∙	୫   

where A570 is the absorbance at 570 nm, V the final volume after dilution (3 mL), ε 
is the molar extinction coefficient (15000 M-1cm-1), m is the exact mass of CNDs 
weighted and 106 is the correction factor to obtain the grade of amines in μmolꞏg-1. 

 

Procedure of FL Quantum yield.135 The quantum yield of the as-synthesized CNDs 
was determined by a comparative method using quinine sulfate in 0.1 M H2SO4 (QY= 
54 %) as reference standard. To calculate relative values of QY five concentrations 
of CNDs in milli-Q water and quinine in 0.1 M H2S04 were prepared. Afterwards, 
absorbance values at 300 nm were measured and the fluorescence intensity of each 
sample at an excitation wavelength of 300 nm was recorded. The integrated area 
under the PL curve in the wavelength range from 310 nm to 552 nm was calculated. 
Then, the QY was calculated using the following equation (Equation 2). 

Equation 2   . Φ௙,௦ ൌ 	Φ௙,௦௧ ∙ ிೞிೞ೟ ∙
௙ೞ೟
௙ೞ
∙ ௡ೞ

మ

௡ೞ೟మ
  

where the subscripts S and ST denote sample and standard, Φ is the fluorescence 
quantum yield, F is the integral PL, f is the absorption factor (f=1-10-A(�ex), and n is 
the refractive index of the solvent (n = 1.33).  

 

Procedure of conductimetric titration.163 A solution of 0.01M NaOH was prepared 
and 27 mg of FeNPs-TEPSA were weighted in a beaker. The sample was titrated with 
a 0.01–0.05 M NaOH solution with continuous stirring with a magnetic stirrer and 
the conductometry was measured along the titration. Then, it was plotted the curve 
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of the conductimetric titration and the amount of COOH groups on the surface was 
calculated from the break in the curve with the following equation (Equation 3). 

Equation 3   COOH	mol/g ൌ ୒∙	୚	
ௐ  

Where N and V are the concentration and volume of NaOH titrant, respectively, and 
W is the solid content weight of the magnetic nanoparticles. 

 

Procedure of Bradford assay. The amount of HSA protein bound to the CNDs was 
quantified by the colorimetric Bradford assay, which is based on the interaction 
between Coomassie brilliant blue and the arginine and aromatic residues in the 
protein. The calibration curve was carried out using standards of HSA (0, 2.5, 5, 10, 
15, and 20 μg). The protocol used for the assay was the following: 150 μL of 
standards and HSA-Cy7@CNDs sample was placed into the wells of a 96-well plate, 
and 150 μL of Bradford reagent solution was added to each well. After 2 min the 
absorbance at 595 was recorded and the analytical signal (A595) was calculated as the 
absorbance value of the standard or sample minus the absorbance of the zero 
standard. All the measurements were carried out in triplicate. It must be noted that 
the absorbance of both the CNDs and Cy7 is negligible at 595 nm, and therefore they 
do not interfere in the assay. The obtained calibration curve (A595 versus concentration 
of standards) was fitted to a linear equation, and the interpolation of the A595 signal 
of the sample from the calibration curve gave the concentration of HSA in μgꞏmL-1, 
which resulted to be (280 ± 13) μg of HSA per mg of CNDs.  

 

Gel electrophoresis. To confirm changes on the charge after the formation of the 
protein corona, samples were subjected to gel electrophoresis (1.5 % agarose in 0.5x 
Tris-Borate-EDTA buffer). Samples mixed with 20% of a solution of TBE buffer 
containing 40% of glycerol were loaded into the wells of the gel. An electric field of 
10 V/cm was applied for 15 min causing the migration of the nanoparticles towards 
the positive or negative pole depending of the NP charge. Images of the gel were 
taken under visible and UV light to visualize the position of the bands corresponding 
to the naked or protein corona-coated CNDs.  

 

Particle stability. CNDs were incubated in Dulbecco's modified Eagle's medium 
(DMEM) medium completed with 10% heat-inactivated fetal calf serum (FBS), 2 
mM L-glutamine(Gibco), 100 UꞏmL-1penicillin and 100 μgꞏmL-1 streptomycin 
(Gibco). The incubation was performed at 37 ºC and 5 % CO2 in a humidified 
atmosphere at 0 h, 24 h, 48 h and 72 h to assess stability. The particles were 
subsequently re-analyzed by UV-Vis absorption spectra. 

 

Cell culture and counting. Human umbilical vein endothelial cells (HUVEC, AIDS 
reagents NIH) were cultured in F12K media supplemented with 0.1 mgꞏmL-1 heparin 
(sigma) and 30 μgꞏmL-1 endothelial cell growth supplement (sigma). The rest of the 
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cells were cultured in DMEM media supplemented with 1mM sodium pyruvate at 37 
ºC and 5 % CO2 in tissue culture-treated 75 cm2-flasks from Nunc. For cell passage, 
adherent cells were lifted from the flasks by incubation at 37 ºC with trypsin-EDTA 
solution 1x (2.5 g porcine trypsin and 0.2 g EDTA (por) 4 Na per liter of Hanks’ 
Balanced Salt from Sigma), span at 1000 g for 5 min and the pellet re-suspended in 
1 ml media. For cell counting, the cell suspension was serially diluted 1:10 in PBS 
and 1:2 in the exclusion dye Trypan Blue solution (0.4 % in 0.8 % sodium chloride 
and 0.1 % potassium phosphate, dibasic from Sigma Aldrich), 10 μL of the diluted 
cell suspension was counted in a hemocytometer chamber under transmitted light in 
an inverted microscope (DMIL, Leica). 

 

Cell viability Assay. Cell viability of adherent human cell lines was measured with 
the colorimetric MTT assay. 4 x 103 PC3 (prostate cancer), 4x103 A-549 (small cell 
lung carcinoma), 2.5 x 103 C33-A (cervix carcinoma), 2.5 x 103 HeLa (cervix 
carcinoma), 4 x 103MDA-MB-231 (breast adenocarcinoma), 10 x 103MCF-7 (breast 
adenocarcinoma) cells were seeded in 200µL media per well in 96-well plates and 
cultured for 24 h at 37 ºC and 5 % CO2. Then, they were incubated for 72 h with 
CNDs-PTX at the concentrations of 1 μgꞏmL-1, 10 μgꞏmL-1, 25 μgꞏmL-1, 50 μgꞏmL-1, 
150 μgꞏmL-1, 300 μgꞏmL-1, 450 μgꞏmL-1, 600 μgꞏmL-1, 750 μgꞏmL-1, 900 μgꞏmL-1, 1 
mgꞏmL-1 in 100 μL media at 37 ºC and 5 % CO2 in a humidified atmosphere. Cells 
were washed twice with 100 μL incomplete media and incubated for 30-60 min at 37 
ºC and 5 % CO2 with 100 μL media containing MTT at the dilution of 1:20. The 
formazan crystals produced by the mitochondrial processing of MTT were dissolved 
in 100 μL DMSO. Absorbance of MTT product was detected in a micro plate reader 
(Genios Pro, TECAN) at 550 nm. Data are expressed as a percentage of absorbance 
of treated cells related to the untreated control cells and represented as means of 
quadruplicates ± SD.  

 

Flow cytometry. Cells cultured in the presence of serum keeps proliferating while in 
the absence of serum they stop proliferating, therefore, the protocol was slightly 
different in the case of the study of the uptake kinetic in the presence or the absence 
of FBS. In the presence of FBS, 4.5 × 104 PC-3 cells were seeded in 48-well plates 
and cultured in complete medium for 6 days. In order to reach the same cell number 
independently of the studied incubation time (3 h, 6 h, 12 h, 24 h, 48 h and 72 h) and 
carry out the FACS measurements of all the samples at the same day, at specific times 
the medium was replaced by 200 µL of complete medium containing 300 µgꞏmL-1 
CND or HSA-Cy7@CND, and cells were incubated at 37 ᵒC and 5 % CO2. For the 
uptake kinetic study in the absence of FBS, 1.8 × 105 cells were seeded in 48-well 
plates and cultured in complete medium for 1 day. Afterwards, complete medium was 
aspirated, wells were washed twice with 500 µL serum-free medium and then 200 µL 
of complete medium containing 300 µgꞏmL-1 CND or HSA-Cy7@CND were added. 
Cells were incubated at 37 ᵒC and 5 % CO2 for 3 h, 6 h, 12 h, 24 h, 48 h and 72 h. 
Triplicates were done per each condition. In both cases, after finishing the incubation 
time cells were washed carefully with PBS. Then, cells were lifted by trypsinization 
at 37 ᵒC, transferred to a 96-well round bottom plate, span at 1,500 x g for 5 min and 
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washed once with PBS. Finally, cells were resuspended in 200 µL of PBS with 0.09 
% of sodium azide, put in ice and measured immediately. For the measurements, 
10,000 cells were analyzed by the flow cytometer collecting two channels. The 
channel 1 (laser line: 405 nm, band pass filter: 450/50) for measuring the fluorescent 
signal from the CNDs, and the channel 2 (laser line: 633 nm, long pass filter: 735LP, 
band pass filter: 780/60) for collecting the fluorescence from the labeled protein Cy7-
HSA. Prior to any sample analysis the manufacturer’s quality control (QC) checks 
and calibration using CS&T™ beads (BD Biosciences) were performed, in order to 
evaluate the system performance and adjust the settings against the baseline values. 

 
Real-time Cell Electronic Sensing (RT-CES).203 For time-dependent cell response 
profiling, 100 μl of media was added to the 16 well-electronic plates (E-Plates). 
Following the baseline reading 100 μl of cell suspension was added to the wells and 
allowed to incubate firstly at room temperature for 30 min and then, inserted on the 
RT-CES for continuous recording of impedance as reflected by the cell index. All the 
measurements by the RT-CES were performed inside an incubator at 37 ºC, 5 % CO2 
and humidified atmosphere. After 24 hours of incubation the cells were treated with 
different concentrations of CNDs-PTX. Data was collected every five minutes for the 
duration of 8 hours after compound addition to capture the short-term response, 
followed by measurements every 30 min for 72 h and every 15 min for 24 h in order 
to capture the long-term response. To quantify cell status based on the measured cell-
electrode impedance, a parameter termed Cell Index is derived, according to the 
following Equation 4: 

Equation 4                                  ܫܥ ൌ ݔܽ݉ ቀோ௖௘௟௟ሺ௙௜ሻோ௕ሺ௙௜ሻ െ 1ቁ 
 

Where Rb(f) and Rcell(f) are the frequency dependent electrode resistances (a 
component of impedance) without cells or with cell present, respectively. N is the 
number of the frequency points at which the impedance is measured. Thus, Cell Index 
is a quantitative measure of the status of the cells in an electrode-containing well. 
Under the same physiological conditions, more cells attached on to the electrodes 
leads to larger Rcell(f) value, leading to a larger value for Cell Index. Furthermore, 
for the same number of cells present in the well, a change in the cell status such as 
morphology will lead to a change in the Cell Index. A “Normalized Cell Index” at a 
given time point is calculated by dividing the Cell Index at the time point by the Cell 
Index at a reference time point. Thus, the Normalized Cell Index is 1 at the reference 
time point. 

 

Cell uptake. The human breast carcinoma MDA-MB-231cells were seeded in 96-well 
plates with a density of 1 x 104 cells per well, and cultured for 72 h at 37 ºC and 5 % 
CO2. The original medium was removed and replaced with media containing CNDs 
with a concentration of 100 μgꞏmL-1. After incubation for, 1 h, 2 h, 4 h, and 24 h, the 
cells were washed twice with 100 µL media. The cell fluorescence was measured by 
excitation at 340 nm and emission at 448/5 nmin a Genios Pro Tecan plate reader to 
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assess the cellular uptake of the CNDs. Untreated cells served as a control. Each 
sample was tested in triplicate wells. 

 

Statistical analyses. Comparison of two-variable data were performed using two-way 
ANOVA with Bonferroni adjustment. P values of less than 0.05 were considered 
statistically significant. GraphPad Prism, GraphPad Software, La Jolla, CA. 

 

Microscopy. 2 x 104 C33-A cells per well were seeded in an 8-well chamber slide 
(Millicell EZslide, Millipore) and cultured for 1 day. Supernatants were replaced by 
200 µL media alone or media containing 300 µgꞏml-1, of CNDs, then incubated for 
24 h at 37 ºC and 5 % CO2. Cells were washed twice with sterile PBS prior to fixation 
with sterile PBS containing 4% paraformaldehyde for 15min at room temperature. 
Wells were disassembled, cells were washed twice with PBS and, the slide was 
mounted with 1 drop mounting media (DAKO) and a 1.5 coverslip (24x60mm). For 
morphological studies of apoptosis, 5 x 103 A-549 cells per well were seeded onto 
sterile 1.5 round coverslips in a 48-well plate, cultured for 3 days and incubated with 
media alone or media containing 20 ngꞏml-1 CNDs-Cy5-PTX, or CNDs-Cy5 for 24 h 
at 37 ºC and 5 % CO2. Cells were washed and fixed as described above. After PBS 
washing, nuclei were stained by incubation with 125 ngꞏmL-1 DAPI (4',6-diamidino-
2-phenylindole.in PBS for 10 min at room temperature. Cells were washed again and 
the round coverslip was mounted onto a slide with 1 drop mounting media (DAKO). 
The mounted slides were let to harden overnight at 4 ºC. Images were taken in a 
confocal microscope (LSM 500 meta, Zeiss), plan-Apochromat 63x/1.40 Oil DIC 
M27 objective and with laser 405 nm/BP 420-605 nm filter, or laser 633 nm/BP 650-
755 filter.  

 

In vitro drug Release. The THP-1 cells were seeded in 24-well plates with a density 
of 1.6 x 106 cells per well, which were cultured for 24 h at 37 ºC in a 5 % CO2 air 
atmosphere in a humidified incubator. Afterwards, the original medium was replaced 
with medium containing CNDs-PTX with a concentration of 1 mgꞏmL-1. After 
incubation for 24 h, the cells were washed twice and re-suspended in PBS. Then the 
cell suspensions were lysed by three freeze/unfreeze cycles in liquid nitrogen and 15 
min of sonication. The resulted lysate was passed through a centrifuge 3 KDa 
Amicon® filter, and the collected fraction was analyzed by fluorescence spectroscopy. 
Untreated cells served as control and blank simple. 

 

Inverted BBB model. The electrode-filter side of wells were coated with 30 µL 
vitronectin (10 μgꞏmL-1) in sterile PBS by incubation for 2 h at 37 ºC in a humidified 
chamber and removed by washings with 50 µL PBS twice. Then we followed the 
protocol described previously.209 Monodispersed HUVEC were seeded in the lower 
well at 22.5 x 103 cells in 150 µL complete media per well. The 2 halves of the plates 
were assembled according to the manufacturer’s instructions and connected to the 
xCELLigence DP system to produce a time zero control for each plate and well. The 
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plates were then removed and inverted for 30 min at room temperature to prevent 
edge effects.211 Following this, the CIM plates were incubated (still inverted) at 37 
ºC overnight. Then, the plates were returned to the upright position and media added 
to the upper well. At this time, the plates were returned to the xCELLigence DP 
system (inside the incubator) and monitored for 3 days using the installed software. 
Data are expressed as an average ± SD (n=16). For the induction of tight junctions, 
when the signal reached a plateau at 70 h after plating, monodispersed C8-D1A 
(mouse astrocytes) were seeded in the upper well at 22.5 x 103 cells in 180 µL 
complete HUVEC media per well. Traces were followed automatically using the 
installed software to monitor the effects of astrocyte processed on electrical resistance 
of HUVEC monolayer for 24 h at 37 ºC and 5 % CO2.  

 

BBB model permeability assay. The CIM plate was removed from the xCELLigence 
DP system. 100 µL HUVEC complete media containing 500 μgꞏmL-1 CNDs, CNDs-
DEGd, CNDs-PEG400, Propidium iodide (+Control) and FITC-Dextran 10KDa (-
Control) were added to the upper chamber of duplicate wells. Following 24 h-
incubation at 37 ºC and 5 % CO2, the contents of the upper and lower chamber were 
collected and the fluorescence was measured in a plate spectrophotometer. 
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