
 

Master’s Degree programme – Second Cycle 
(D.M. 270/2004) 
in Science and Technology of Bio- and Nano-
materials 
 
Final Thesis 
 
 
 

SILICA NANOPARTICLES: SYNTHESIS, 
CHARACTERIZATION AND BIOMEDICAL 
APPLICATIONS 

 
 
 
 
Supervisor 
Ch. Prof. Riello Pietro 
 
Co-Supervisor 
Giulio Fracasso 
 
Graduand 
Giulia Glorani 
Matriculation Number 842634 
 
Academic Year  
2013 / 2014 



Ad Enrico,
animo speciale tra migliaia,

sul quale ho avuto la fortuna di inciampare,
un giorno di molti anni fa.

Come un baco da seta
veste il suo leggero involucro,

prima di diventare farfalla,
cosí tu indossi le tue ali,

grandi e variopinte,
in questo percorso di rinascita

che ti porterá ad esplorare mondi e luoghi
in cui solo fantasia ed immaginazione

possono davvero giungere.



Contents

1 Introduction 1
1.1 Nanomedicine: an overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Drug delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.2 Gene delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.3 Molecular imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Silica Nanoparticles: the state of the art . . . . . . . . . . . . . . . . . . . . . 8
1.2.1 Silica nanoparticles synthesis, features, and applications . . . . . . . 8
1.2.2 Silica nanoparticles surface grafting with polymers . . . . . . . . . . 11

1.3 Immune system: a general view . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.4 Aim of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2 Experimental Part 24
2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1.1 Cells culture and storage . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.1 Nanoparticles synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.2.2 Nanoparticles characterization . . . . . . . . . . . . . . . . . . . . . . . 28

3 Results and discussions 33
3.1 Physical and chemical characterization . . . . . . . . . . . . . . . . . . . . . . 33

3.1.1 Poly(ethylene glycol) methyl ether (mPEG)-silane . . . . . . . . . . . 33
3.1.2 Thermogravimetric analyses . . . . . . . . . . . . . . . . . . . . . . . . 34
3.1.3 Silica nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.1.4 Fluorescent silica nanoparticles . . . . . . . . . . . . . . . . . . . . . . 51

3.2 Biological characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4 Conclusions 70
4.1 Resume of the work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.2 Future perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5 Appendix 72
5.1 Appendix A - Techniques of analysis . . . . . . . . . . . . . . . . . . . . . . . 72

5.1.1 Thermogravimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.1.2 Infrared spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.1.3 Scanning electron microscopy . . . . . . . . . . . . . . . . . . . . . . . 73

2



CONTENTS

5.1.4 Dynamic light scattering . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.1.5 Small angle X-ray scattering . . . . . . . . . . . . . . . . . . . . . . . . 76
5.1.6 UV-visible spectrophotometry . . . . . . . . . . . . . . . . . . . . . . . 77
5.1.7 Flow cytometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.1.8 Gel electrophoresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

Bibliography 80

Ringraziamenti 86

3



Chapter 1

Introduction

1.1 Nanomedicine: an overview

The European Medicines Agency (EMA) defines the nanomedicine as the application of
structures and devices, that have size between 0.2 nm and 100 nm, in order to make pre-
vention, diagnosis, monitoring and treatment of different diseases [1].
The early concept of nanomedicine was born in 1959 from the idea that small nanorobots
can be introduced into the human body, in order to perform cell healing and repairing
[2]. Some years later, this idea was supported by Richard Feynman in his outstanding
lecture “There’s Plenty of Room at the Bottom”. Feynman proposed “using machine tools
to make smaller machine tools, these to be used in turn to make still smaller machine
tools, and so on all the way down to the atomic level”. After discussing with his collegue
Albert R. Hibbs, Feynman explains some interesting applications of the small machines in
the surgical field, such as their introduction into the blood vessels in order to have a look
around heart diseases [3].
However, the applications of nanoparticles to the nanomedicine field are multiple and dif-
ferent, to name few: drug delivery, gene delivery, and molecular imaging [4]. In the next
section I will briefly discuss these medical fields with a rapid insight about the applicability
of nanotechnology to each of them.

1.1.1 Drug delivery

Drug delivery refers to the synthesis of technologies that transport pharmaceutical com-
pounds, in order to achieve a specific therapeutic effect into the human body, related to
treating, preventing, or monitoring the diseases. A drug delivery system is a complex
system composed of two elements: a pharmaceutical active ingrendient and a nanoparticle
that carries it to a specific site [5]. Compared to a common drug preparation, a drug
delivery system is not affected by the first pass effect, in which the bioavailability of the
drug is reduced by the hepatic uptake, leading to the need for the administration of higher
drug doses to the patient. A complex system like that also allows to obtain prolonged
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1.1. Nanomedicine: an overview

drug effect, steady drug plasma levels, and good stability of the drug in serum [6]. In
the light of above, during the design of a drug delivery system, several features should be
necessarily considered:

• Targeting system;

• Biocompatibility and toxicity;

• Circulation time;

• Stability;

• Biodistribution and clearance.

The creation of a targeting system can be achieved exploiting the passive mechanism of
the Enhanced Permeability and Retention (EPR) effect or by an active mechanism. The
passive mechanism of the EPR effect is a direct consequence of the anatomy and phys-
iology of the tumor, which is quite different from the healthy tissues. In addition to a
high vascular density, due to the overproduction of angiogenic factors, a solid tumor has
large gaps between its blood cell vessels, shows a selective retention of drugs, and lack of
a lymphatic recovery system [7, 8].

Figure 1.1: SEM images of blood vessels in healthy tissues (A-C) and cancer tissue (D-F). Images
from A to C show the healthy tissues of pancreas, colon and liver. Images from D to F show a
metastatic liver tumor, where “T” indicates the tumoral tissue, while “N” the healthy one [7].

Nanoparticles can be also actively targeted for the cellular binding, the intracellular trans-
port, and the cellular uptake. Surface modifications and charge, nanoparticles size, and
surface coating with polymers are factors influencing the drug targeting. In general,
nanoparticles smaller than 20 nm are internalized into the cells without endocytic pro-
cess [9]. The surface functionalization with polymers, like polyehtylene glycol (PEG), also
improves an efficient internalization into the nuclear region and cytosol [5]. PEG is a com-
pound prepared by the polimerization of ethylene oxide and could have different molecular
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1.1. Nanomedicine: an overview

weight (MW), in a range between 100 Da and 20 000 Da. The MW is tightly related to the
chain length, which determines the physical properties of the polymer, e.g. viscosity and
melting point. On the contrary, the chemical properties of PEG are almost insensitive to
its MW. Surface modification of nanoparticles with PEG, usually referred to as pegyla-
tion, also increases the half life in serum, tissue perfusion, and reduces the uptake by the
reticuloendothelial system (RES) [10]. The RES, also referred to as Mononuclear Phago-
cyte System (MPS), is composed of all the cells which take part in the defense mechanisms
of the human body. It involves three types of cells:

• Reticular cells;

• Macrophages;

• Kupffer cells.

The platforms employed as drug delivery systems during the last decades can be divided in
two classes: organic and inorganic compounds. Organic compounds include immunolipo-
somes, in which a fragment of a monoclonal antibody (mAb) is conjugated to the liposome,
micelles, polymeric nanoparticles (NPs), and dendrimers, while the inorganic compounds
include gold NPs, superparamagnetic NPs, and carbon nanotubes [6, 11].

Figure 1.2: Two areas of nanomedicine for drug delivery. Reprinted from [11].

1.1.2 Gene delivery

Gene delivery refers to the introduction of genetic material into the cell, in order to alter,
temporarily or permanently, the phenotype. A gene delivery system should allow to pro-
tect the genetic material to be delivered to the cell nucleus during its crossing of the cell
barriers, making sure of the transcription of this deoxyribonucleic acid (DNA) cargo, as
shown in figure 1.3 [12].

Differently from the common pharmaceutical preparations, hereditary and acquired dis-
eases can be treated easily with this method. During the last decades, many gene delivery
methods were developed and they can be conveniently divided into three classes:
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1.1. Nanomedicine: an overview

Figure 1.3: Scheme in which the in vivo cell barriers are depicted. Reprinted from [12].

• physical methods;

• viral vector based;

• non-viral vector based.

Needle injection, ballistic injection, electroporation, sonoporation, hydroporation, and
magnetoporation belonged to the physical methods, in which a physical force is used to
overcome the cell barriers. Virus based methods take advantage of a replication-deficient
virus, which contains the gene of interest (GOI), like retroviral vectors, adenoviral vectors,
and herpes simplex viral vectors. Non-virus based methods rely on the use of synthetic or
natural compounds, like proteins and polymers. Compared to the virus based methods,
they are less toxic, have low immunogenicity, and allow to introduce genes of different sizes
[13]. Non-viral based method are employed in soft engineering [14], bone regeneration [15],
and systemic applications [16].

1.1.3 Molecular imaging

Molecular imaging includes non-invasive, painless, and totally safe techniques which allow
to visualize, quantify, and characterize physiological and pathological processes into the
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human body. Differently from the traditional imaging, in which an excised tissue is ana-
lysed with the aid of a microscope, the molecular imaging allows to work at the cellular
and subcellular level in a living patient. Furthermore, the early diagnosis before the onset
of symptoms is possibile with these techniques. There are different imaging modalities:

• Optical imaging,

• Magnetic resonance imaging (MRI),

• X-ray computed tomography (CT),

• Positron emission tomography (PET).

They are used in the diagnosis of brain disorders, like Parkinson and Alzheimer, heart and
bone diseases, kidney and thyroid disordes, cancer and much more.

Optical imaging

Optical imaging is an imaging technique in which ultraviolet, infrared, and visible lights are
used, and includes bioluminescence and fluorescence. The detection limit of this technique
can reach probe concentrations in the order of pico and femtomolar. Bioluminescence imag-
ing refers to the internal light production following the oxydative reaction of the luciferin,
while fluorescence imaging uses the external light in order to excite fluorescent molecules,
like green fluorescent protein (GFP), or endogenous targets (collagen and hemoglobin).
Data are quantified by the analysis of the region of interest (ROI) efficency and photon
flux are measured. In order to analyse deeper tissues, a near infrared (NIR) technique is
used. The NIR techniques exploit the spectral range also know as the therapeutic window
(650 nm-900 nm), in which the molecular adsorption and the tissue autofluorescence are
lower (figure 1.4), leading to an enhanced sensitivity of the imaging (theoretical dephts of
7 cm-14 cm, using a femtosecond technique) [17].

Figure 1.4: Light adsorption of the tissue in human body. Reprinted from [18].
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During the last decades, a lot of organic fluorescent dyes were developed, but the emission
in the visible part of the spectrum makes them useless for in vivo applications. In the light
of the above considerations, inorganic dyes were synthesized, like quantum dots (QDs) and
lanthanide complexes, mainly based on europium and terbium, which have long lumines-
cence lifetime and a Stoke’s shift higher than 200 nm. However, the inorganic dyes will be
potentially toxic and have a complex surface chemistry [19].

Magnetic resonance imaging (MRI)

Magnetic resonance imaging is a technique in which an electromagnetic radiation is used.
The patient is placed into the field generated by a large magnet, which causes the alignment
of the spins of the atomic nuclei along the magnetic field direction. This process involves
hydrogen as well, the most abundant atom in the human body. During the application of
the external magnetic field a radio frequency (RF) signal is applied making the spins lose
their alignment. The delay for the energy release, due to the regain of the initial orientation,
is detected. All the atomic nuclei are composed of protons (positively charged), electrons
(negatively charged), and neutrons (non-charged), which posses an intrinsic spin. Due to
externally applied magnetic field, particles with net spin absorb a photon with a frequency
ω0, which is defined by the Larmor law:

ω0 = γ ×B0 (1.1)

where γ is the gyromagnetc ratio of the particles (for hydrogen γ = 42.58 MHz/T) [20].

After removing the magnetic field (B), the atoms nuclei relax to their initial energy state
(figure 1.5) through two different pathways:

• T2 trasversal relaxation (spin-spin);

• T1 longitudinal relaxation (spin-lattice).

The description of these two pathways is beyond the scope of this thesis. It is sufficient to
mention that in order to enhance the image contrast during the MRI exams, the relaxation
time is altered through the use of a contrast agent, which can reduce or extend it. During
the last decades, a lot of nanoparticles were developed for the MRI applications, like
superparamagnetic iron oxide nanoparticles (SPIONs), gadolinium based contrast agents,
FePt-Au nanoparticles, and magnetite nanocapsules [21].

X-ray computed tomography (CT)

X-ray computed tomography is a technique in which X-rays are used. Differently from the
first CT scanners, which had a single photomultiplier detector and required long analysis
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1.1. Nanomedicine: an overview

Figure 1.5: Magnetic resonance imaging (MRI) principles. a) Spin alignment under Larmor law.
b) Changing in spins magnetization. c) Longitudinal and trasversal relaxations. Reprinted from

[21].

time, today thin slices of the scanned object are swiftly acquired and then combined, in
order to obtain a three-dimensional image. Bones and tissues absorb the radiation to
a different extent, depending on the atomic number (Z), leading to a contrast, which is
detected by CT technique. The advantages of CT are multiple:

• Rapid image acquisition;

• Clear images;

• Chance to scan a large portion of the human body.

In order to enhance the image contrast during the CT exams, heavy elements are used,
which provide a high absorption cross section. A lot of nanoparticles were developed for
the CT applications during last years. The first ones were the iodine based NPs, then the
gold based agents and bismuth based agents. In some experiments also the bromine based
agents were used, but they show weak contrast and low density of load. However, the NPs
mentioned above, are well biocompatible and non toxic for the human body [22].

Positron emission tomography (PET)

Positron emission tomography (PET) is a technique in which a three dimensional image
of the physiological process in the human body is obtained. The tracer, a compound in
which one atom is replaced by a radio-isotope, is injected into the patient and, following
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the positron emission decay, a pair of gamma rays is detected by a scintillator. Depending
on the concentration of the tracer injected, the metabolic activity of different human
tissues is shown in a three dimensional image. One of the most used active molecule
during the PET exams is the fluorodeoxyglucose (FDG) - 18F , which emits the radioactive
isotope fluorine-18, detects the metabolic activity of the tissue, and is swiftly excreted by
the patient. In a recent experimental work, lipid nanoparticles were used as diagnostic
agents for the solid tumors visualization, because of their ability to encapsulate radioactive
isotopes, specifically the 64Cu-isotope [23]. During the last years, bromine-76, arsenic-64,
and iodine-124 were also used as radionuclides in PET exams [24].

As described above, during the last decades a lot of nanoparticles for biomedical appli-
cations were developed. In the next section I will refer more specifically to one of them:
silica NPs.

1.2 Silica Nanoparticles: the state of the art

1.2.1 Silica nanoparticles synthesis, features, and applications

Silica (SiO2) is a silicon compound which is present in water as silicate ion SiO3
2−, and

in many biological structure, like diatomaceous and sponges. Because of its features, it
is well suited for the NPs synthesis. Different synthetic approaches for the synthesis of
porous or non porous silica NPs have been reported so far. Both porous and non porous
display pros and cons, that can briefly summarized as follows.
The mesoporous silica NPs have pores from 2 nm to 50 nm, in which drugs and pharmaceu-
tical preparations can be loaded efficently modifying the inner surface of these pores with
suitable functional groups. These can also play a role in the controlled release of the cargo.
Otherwise, a gatekeeper strategy can be applied. A gatekeeper can be a nanoparticle or a
functional group which responds to different stimuli: pH, light, enzymes and temperature,
in order to control the drug release. Drug delivery systems based on non-porous silica NPs
can be obtained as well. The drug is encapsulated inside the nanoparticle or conjugated
on the surface of it, as shown in figure 1.6 [11].
Non-porous silica NPs can be synthesized through a simple Stöber protocol [25], using
cheap reagents, and non expensive facilities. The Stöber synthesis is composed of two
steps, and takes advantage of an alkaline compound, usually ammonium hydroxide, as a
catalyst:

• hydrolysis of organic silica precursors;

• condensation of silicic acid in alcholic solution.

The hydrolysis chemical reaction, in the case where the tetraethyl orthosilicate (TEOS) is
used, is expressed as follows:
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1.2. Silica Nanoparticles: the state of the art

Figure 1.6: a) Mesoporous silica NPs loaded with drugs. b) Encapsulation of drugs in non-porous
silica NPs. c) Conjugation of drugs on the surface of the non-porous silica NPs. Reprinted from

[11].

Si(OC2H5)4 + xH2O→ Si(OC2H5)4-x(OH)x + xC2H5OH

The condensation reaction occurs immediatly after the hydrolysis, in which the hydroxyl
groups of Si(OC2H5)4-x(OH)x react with the ethoxy group of an other Tetraethyl orthosil-
icate (TEOS) molecule, in order to form the siloxane bridge Si−O−Si.
The complete chemical reaction, including hydrolysis and condensation, is expressed as
follows:

≡ Si−OC2H5 +HO−Si ≡ → C2H2O5 + ≡ Si−O−Si ≡
≡ Si−OH +HO−Si ≡ → H2O + ≡ Si−O−Si ≡

Leading to the overall reaction:

Si(OC2H5)4 + 2H2O→ SiO2 + 4C2H5OH

The size of the NPs can be controlled varying the ammonium hydroxide and TEOS con-
tents in the reaction mixture. With the increase of the TEOS concentration, keeping the
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1.2. Silica Nanoparticles: the state of the art

ammonium hydroxide concentration fixed, the hydrolysis and condensation reactions be-
come faster, leading to the formation of a less number of nucleation centers. As a result,
silica NPs will be larger and less in number. The particles size increases also varying the
ammonium hydroxyde amount, as shown in the SEM images of samples syntesized as a
preliminary studies for this thesis (figure 1.7).

Figure 1.7: Different NPs sizes, varying the ammonium hydroxide concentration. A) Silica NPs
of 220 nm, (experimental conditions: TEOS:NH3:H2O:EtOH=1:5:22:68). B) Silica NPs of 190 nm,
(experimental conditions: TEOS:NH3:H2O:EtOH=1:8:20:68). C) Silica NPs of 100 nm, (exper-
imental conditions: TEOS:NH3:H2O:EtOH=1:4:24:68). D) Silica NPs of 65 nm, (experimental

conditions: TEOS:NH3:H2O:EtOH=1:2:25:68).

Also the shape of the silica NPs can be controlled using templates, leading to particles with
longer blood circulation and tissues penetration [26]. Geng et al. demonstrated in their
experimental work that worm-like micelles have longer circulation time than the spherical
ones, because of their ability to escape from the phagocytosis. Moreover, due to the more
efficient transport, the nanorods are able to penetrate the tumoral tissues faster than the
spherical NPs.

Stöber silica nanoparticles were intensively studied during these decades, especially for
their low toxicity, biocompatibily and biodegradability, which are some of the most im-
portant parameters to consider in the biomedical field. However the size and shape of
silica NPs can easily influence the uptake and the biodistribution, as demonstrated by
Gratton et al. in their experimental work [27, 28]. Another fundamental feature should
be considered during the NPs synthesis: the surface chemistry, which is important for the
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interactions with the biologycal systems, the internalization, the biodistribution, and the
tissues penetration. Silica NPs surface can be easily modified, by adsorption or by covalent
conjugation, exploiting the well-known silanes chemistry. The surface charge of the NPs
can be easily changed (positive, negative or zwitterionic), and also a lot of polymers can
be grafted on their surface, either chemically or physically, in order to achieve this surface
modification.
To sum up the behavior of silica NPs in a biological system is mainly influenced by the
following factors:

• Size;

• Shape;

• Surface chemistry.

In the next section I will briefly describe one of this parameters, that is to say the polymer
grafting strategies on silica NPs surface.

1.2.2 Silica nanoparticles surface grafting with polymers

During the last decades, a lot of polymers were used in order to cover silica NPs sur-
face and obtain the properties enumerated above: the poly(amidoamine), poly(urethane),
poly(dimethylsiloxane), and vinyl polymers, to name a few [29]. Also the poly-L-glutamic
acid was used for the same purpose, because of its biodegradability and the presence of the
carboxyl groups, which can be modified in order to encapsulate organic biomolecules [30].
Another polymer which can be used for the NPs surface coverage is the poly(ethylen)glycol
(PEG). PEG is an organic compound that is really useful for biological applications, be-
cause it allows to make the NPs stealth to the immune system, leading to an easier blood
circulation of them [11]. In addition to promote the steric stabilization, the surface func-
tionalization with PEG also allows to reduce or even avoid the opsonisation process and
the macrophages uptake [31]. However, during the polymers grafting to the NPs, some
parameters should be considered, in order to obtain a good coverage of the NPs surface:

• Chain length of the PEG;

• MW of the PEG;

• Chemistry of the PEG;

• PEG surface density.

Varying one of this parameters, the surface coverage of the NPs, their stability, and their
stealth properties can be compromised [32].
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Molecular weight and chains length of the polyethylene glycol

The PEG polymers have molecular weights (MWs) in the range between 100 Da and
20 000 Da and their physical properties can be different in response to the chains length,
which can be indirectly indicated as the number of monomers in the chain (n= polymer-
ization degree). At low values of n, the PEG is liquid and have low viscosity, while at high
n, is solid and waxy. On the other hand, the chemical properties of the PEG are not influ-
enced by this parameter. Also the NPs functionalization is affected by the polymerization
degree of the PEG; Xu et al. in their experimental work demonstrate that using a higher
MW PEG the proteins adsorption on the NPs surface is reduced [33].

Figure 1.8: Proteins adsorption on bare and PEGylated silica NPs, derived indirectly from the
fluorescence of the BSA-dye conjugated. Reprinted from [33].

Also He et al. reported the protein adsorption on the mesoporous NPs surface (150 nm

±20 nm). They show that the coverage density of mesoporous silica NPs is inversely pro-
portional to the MW of the PEG used. Using different MWs PEG (from 4K to 20K) the
chains density onto the outer surface of the NPs varies in a range between 0.05 wt % and
3.75 wt % [34].

Figure 1.9: Graphical representation of the PEG-silane percentage versus the MW of it.
Reprinted from [34].
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Moreover, the MW of the PEG is important for the NPs steric stabilization. Differently
from the low MW PEG, the high MW PEG create a thick layer around the NPs, leading
to a better stability in solution [33]. However, PEG with long and flexible chains has
a repulsion character, which is good for avoiding the cellular uptake, but can lead to a
difficult bioconjugation, due to the chains interactions. All this considered, the stability of
the NPs seems to be better obtained using a mixture of different molecular weights PEG
[35]. Sadzuka et al. in their experimental work demonstrate that the functionalization of
the liposomes surface with a mixture of PEG2000 and PEG500 (2:1) shows a maximun
FALT (Fixed Aqueous Layer Thickness), that is to say the thickness of the adsorbed poly-
mer layer. Because of the insertion of short chains PEG, the mushroom conformation of
the PEG2000 on the liposomes surface became larger, leading to a better stabilization in
solution.

Figure 1.10: Representation of surface PEG-modifications. a) Single modification with short
chains PEG. b) Single modification with PEG2000. c) Double modifications with short chains

PEG and PEG2000. Reprinted from [35].

In general the stability of the NPs in solution, i.e. the colloidal stability, can be measured
by a zeta potential analysis (ζ), in which the potential of the double electronic layer is
evaluated. This analysis allows to obtain information about the surface charge of the NPs.
During a zeta potential analysis, only a fraction of the total surface charge is measured,
at the shear plane level, which is an imaginary plane placed next to the Stern layer (fig-
ure 1.11). Specifically, each charged particle of the colloidal suspension is surrounded by
an oppositely charged ion layer, which is called Stern layer or fixed layer. Beyond this
layer, there is a cloud of positively and negatively charged ions that together with the
Stern layer ions forms the electrical double layer. The zeta potential is measured at this
interface between the particles and the liquid in which they are dispersed. High values
of zeta potential (both positive and negative) indicate a good colloidal stability, due to
the electrostatic repulsion between the NPs, which avoid their aggregation. Conversely,
low values of zeta potential lead to a poor colloidal stability, aggregation phenomena, and
flocculation of the NPs. However, by covering the NPs surface with polymers, the stability
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in solution is obtained through the steric hindrance, rather than the charge effect. Thanks
to the surface convering with polymers, also the NPs having zeta potential close to zero
are stable in solution. Manson et al. in their experimental work affirm that an increased
amount of PEG on the NPs surface, dramatically enhance their stability in all media [36].

Figure 1.11: Schematic representation of the Stern layer.

Chemistry of the polyethylene glycol

The terminal ends of the PEG molecules grafted onto the NPs surface can influence the
proteins binding. There are a lot of commercially available PEGs, having different termi-
nal groups (shown in figure as R2), like methoxy, alcohol or thiol terminus, to name a few.

Figure 1.12: Schematic representation of PEG, in which there are the linkage groups (R1) and
the terminus groups (R2). Reprinted from [37].

The negative charge on the NPs surface, like in the case of the carboxyl or the thiol
terminus groups of the PEG, lead to fewer phagocytosis by the macrophages than the
positive charge (amine groups). Also the hydroxyl terminus group is used to reduce the
proteins binding onto the NPs surface.
Moreover, there are a lot of terminus groups which are used for the target binding, like the
-maleimide, the -succimide, and the alkyl-reactive groups, to name a few. Using a PEG
with these terminal ends, the click chemistry, the amine group, and the thiol group can be
used to obtain the selective binding to the target [37].
In general, NPs which have negative or neutral charge, show a lower cellular uptake than
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the positively charged ones. Moreover, the latter ones have a short half-life in the blood
stream [38].

Polyethylene glycol surface density

The density of the PEG chains is defined as the number of the surface groups, calculated in
a reference area. In general, the pegylation density is described by the size of an expandend
chain, also known as the Flory radius (Rf ), by the distance of the PEG chains (D) or the
length of them (L) [39]. The Flory radius (Rf ), can be calculated as follows:

Rf = (aN)3/5 (1.2)

where a is the size of the monomer units of the PEG;
N is the number of the monomer units of the PEG.

Depending on the surface density, different chains conformations can be assumed by the
PEG. At low density, where D is greater than Rf , the molecules of PEG are organized into
a mushroom conformation, in which the chains are folded back on themselves. Conversely,
at high density, where D is minor than Rf , a brush conformation is assumed by the PEG
chains, which allows a lower packing density, and a better steric repulsion of the proteins.
When L is greater than 2Rf , a dense brush conformation can be obtained [40].

Figure 1.13: Different PEG conformations, brush (B) and mushroom (A). Rf represents the
volume occupied by a single PEG chain. Reprinted from [41].

In spite of the advantages described above, both of these conformations have some dis-
advantages: the mushroom conformation can possibly lead to the presence of some holes
in the surface covering, while the brush one may be able to reduce the binding affinity
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towards the molecular targets [42]. As a general rule, in order to obtain a good phar-
macokinetic and biodistribution, the PEG shell should be smaller than the 10 % of the
nanoparticle (NP) diameter.

Definitively, in order to obtain a NP for the biological applications, the MW of the PEG
used, its surface density, and its terminus groups, should be considered. In the next section
I will briefly describe the effect of the pegylation towards the proteins adsorption, and the
immune system response.

1.3 Immune system: a general view

In order to understand the “in vivo” NPs behavior, during the last decades, the relationship
between the NPs surface and the adsorbed proteins on it, and also the immune system
response towards them were deeply studied. There are a lot of proteins in the human
organism and particularly in the body fluids: plasmatic proteins and serum proteins,
among these the albumin is the most expressed protein. It is worth nothing that a complex
protection system against the “non-self” compounds is put in place by the immune system.
In addition to the tissues barrier, which prevents the entry of “non-self” entities, also the
immune cells in the bloodstream, such as the leukocytes, the platelets, and the phagocytic
cells, have a propensity to eliminate the “non-self” NPs.
After the injection, the inhalation, or the ingestion of NPs, an interaction among them,
the plasma proteins, and the blood proteins, is triggered which can cause changes in the
cellular uptake, biodistribution, drug delivery efficiency, and phagocytosis. The formation
of a shell corona on the NPs surface, due to the interactions with these proteins, can change
the NPs physical-chemical properties, leading to different “in vivo” behaviors [43].

Moreover the human immune system has developed an efficient method to mark the “non-
self” compounds, whose surface is decorated by the opsonins, which enhance the phagocytic
process. The opsonins family includes a lot of macromolecules, especially the antibodies
(IgG) and the molecules which activate the complement system, an important component
of the innate immune system. The complement system is composed of about twenty
proteins; they interact reciprocally and with the cell membranes, enhancing the lysis of
cells whose membrane is tagged by the complement proteins.
Before the opsonins binding, the membrane of the phagocytic cells and the targets are
both negatively charged, avoiding their interaction. When the target is decorated by the
opsonins, the charge on its surface is masked, leading to an easier phagocytic process.
Moreover the opsonization process, the reaction with the antibodies or the complement
activation, improve the phagocytosis of the “non-self” entities, because the phagocytic cells
express three types of receptors to increase their scavenger properties:
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• Receptor for opsonin molecules;

• Receptor for activate complement;

• Receptor for the Fc region of the antibodies.

An antibody (Ab), is a “Y”-shaped molecule, composed by four chains: two heavy chains
and two light chains, linked by disulfide bonds. Each heavy chain can be divided in two
regions: the constant region, which is identical for all the Ab, and the variable one, as
shown in figure 1.14. The arms of the “Y” include the regions that bind the antigens, called
the Fragment antigen binding (Fab). On the other hand, the base of the “Y” contains the
Fragment crystallizable region (Fc), which modulates the immune cell activity.

Figure 1.14: Schematic representation of an antibody and their domains.

An Ab binds an epitope of the antigen; specifically, the FAb portion of the Ab binds the
antigen, while the Fc portion binds the receptor onto the phagocytic cell surface. This
type of bond is also enhanced by the complement molecules (C3b), which are deposited
onto the “non-self” compound surface, promoting the phagocytosis and the distruction
process (figure 1.15). However, the “non-self” elements can also be destroyed following a
different pathway, in which the bond between the Ab and the effector cells (neutrophilis
and eosinophilis), lead to the production of lysis products.

As stated in Ref. [44] by Aggarwal et al. “Generally, hydrophobic particles are opsonized
more quickly than hydrophilic particles, due to the enhanced adsorption of plasma pro-
teins onto the surface of hydrophobic particles” [44]. Aggarwal et al. compared in their
experimental study a less hydrophobic copolymer, composed by a molar ratio of 85:15 NI-
PAM/BAM (poly(N-isopropylacrylamide) /Aluminum magnesium boride), with its more
hydrophobic counterpart (50:50). The first does not seem to adsorb proteins, except for a
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little amount of albumin, while the second one binds the apolipoproteins and the fibrinogen.

In the light of above, a meticulous study of the proteins adsorption onto the NPs surface,
and of the parameters affecting it, is demanding. In the next sections I will briefly describe
the most important binding proteins, like the albumin and the other serum proteins. I
will also describe the formation mechanism of a biomolecules layer around the NPs, also
known as the protein corona complex, which can alter the size and the surface composition
of the a nanomaterial [45].

Figure 1.15: Schematic representation of the opsonization process.

Protein Corona complex

As described above, the corona complex formation is due to the biomolecules adsorption
to the NPs surface. The most abundant biomolecules in the human body which display
adsorbing capabilities are the proteins and the lipids. The adsorption mechanism is guided
by the binding affinity between the NP and the proteins, in the same way of the protein-
protein bond. Depending on the affinity, the proteins bond can be strong (hard corona)
or weak (soft corona). However, the protein corona complex is not a fixed layer but its
composition, can be influenced by the rate of desorption and adsorption of the molecules
(figure 1.16). As a rule of thumb, the most abundant plasma proteins are firstly adsorbed
on the NPs surface, followed by their replacing with the lower abundant proteins, which
have, however, higher affinity.
The size of the proteins, their surface chemistry, and the concentration, can influence the
thickness of the protein corona layer. Because of the size of the plasma proteins (3 nm-
15 nm), Simberg et al. proposed a protein corona model composed by multiple layers, con-
sisting of the primary binders and the secondary binders [46]. The former ones are directly
bound to the NPs surface, while the latter ones are bound to the NPs, via protein-protein
interactions. The presence of the secondary binders prevents the interactions with the
surroundings and can influence the behavior of the primary binders, or even masks them.
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Figure 1.16: Schematic representation of the corona proteins (soft and hard).

An adsorption process can be divided in two steps:

• The early stage;

• The late stage.

The fibrinogen, the IgG, and the albumin adsorption are involved in the first stage, and
they are replaced by the coagulation factors and the apolipoproteins in the second one.
This sequential adsorption is partly due to the high dissociation rate of fibrinogen and
albumin, and partly due to the slow dissociation rate of apolipoproteins.

Albumin and human serum

Mass spectroscopy analyses on NPs soaked in biological media have revealed that the al-
bumin (figure 1.17) is one of the most abundant compounds of the protein corona layer
(3,5 g/dl - 5,5 g/dl) [47, 48]. Bovine Serum Albumin (BSA) is a water-soluble monomeric
protein, composed of 583 aminoacids and having MW of about 66 KDa. “BSA contains
tryptophan residues, which makes it absorb and fluoresce light at characteristic wave-
lengths. These characteristics are useful for studying protein binding using spectroscopic
measurements.” [49]. BSA behavior and structure depends on multiple interactions such
as the hydrogen bonding, Van der Waals forces, electrostatic interactions, and the hy-
drophobic effect. Moreover, some reactions on the BSA surface, can alter the secondary
structure, as described in Tsai et al. experimental work: “In addition, the reaction of the
free thiol on the external surface of globular (N form) BSA with the AuNP surface could
potentially weaken or alter the tertiary or secondary structure of the BSA molecule, which
would likely result in the unfolding of BSA from its compact, globular structure.” [50].
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Because of its isoelectric point (Ip<5.5), the albumin mainly adsorbs on positively charged
NPs, as described by Marsalek in his experimental work. Marsalek studied the BSA bond
to the cerium oxide NPs (positively charged), which is enhanced at acidic pH. On the other
hand, the negatively charged NPs better adsorb proteins with an isoelectric point higher
than 5.5 (i.e. the IgG) [44].

Figure 1.17: Schematic three-dimensional representation of human serum albumin.

As said in the previous section, when a material enters a biological enviroment, the ini-
tial event is the protein adsorption. The composition of the protein layer, the amount
of the protein, and the conformational changes can influence the tissues response against
the materials. Moreover protein adsorption can modulate the toxicity of some NPs. The
specific bound proteins can affect the NPs biodistribution, the internalization process, the
ζ potential, and also enhance the macrophages recognition. Rezwan et al. in their exper-
imental work studied the interaction between some metal oxide particles (alumina, silica,
titania, and zirconia) and albumin. In this study the zeta potential of the NPs, and their
isoelectric point, are changed by the albumin adsorption [51]. Moreover, the adsorption
of BSA can influence the NPs stability in solution. Shi et al. in their experimental work
affirm that gold NPs can be stabilized in phospate buffer (PBS) after BSA adsorption.
They observed also that after the binding to gold NPs, the secondary structure of BSA
is altered, leading to a less compact structure. Then the solvent can penetrate the BSA
cavity, increasing the polarity of the microenviroment around Trp-122 residue [52].

However the proteins adsorption onto the NPs has some disadvantages. Because of the
bonds with fibrinogen and IgG, actually the NPs accumulate into the RES organs, specif-
ically the liver and the spleen. As demonstrated by Liu et al. in their experimental work,
the NPs accumulation is due mainly to the proteins, which increase the hepatocyte and
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macrophage uptake [53]. On the other hand, the albumin bond seems to prolong the blood
circulation time [54, 55]. Moreover, recent studies have shown that the patients with al-
buminuria are prone to develop a thrombotic attack [56].

It is therefore clear that a great amount of proteins adsorbed onto the NPs surface is not
always good. In order to avoid excessive proteins adsorption, a pegylation step after the
NPs sythesis is required. In the following section I will briefly describe the pegylation
effects on the protein adsorption.

Nanoparticles pegylation and proteins adsorption

As described in the previous sections, the surface covering with PEG molecules not only
promotes the internalization process, improves the stability and makes the NPs stealth,
but also limits the proteins adsorption and the phagocytic process. During the last decade,
a lot of pegylation methods were developed. One of the first pegylation reports studied
the attachment of two different MWs PEGs to BSA and liver catalase. In this study
mPEG-1900 and mPEG-5000 were covalently attached to the protein described above, with
the use of the coupling agent 2,4,6-trichloro-s-triazine [57]. After the PEG attachment,
mice better tolerate multiple injections of the catalase, suggesting the possibility to use
the pegylation in enzyme therapy. Some years later, Li et al. demonstrated that the
half-time circulation of latex particles can be enhanced using a PEG coating. A PEG
with MW higher than 5000 kDa is used to pegylate the particles, leading to a 40-times
longer circulation time in rats [58]. In 1999, Petros et al. used a pegylated liposomal
delivery vehicle in order to transport the doxorubicin into the human body. This system,
called Doxil®, enhanced the doxorubicin bioavailability of about 90-times [59]. Because
of the large sizes of the liposomes, some years later pegylated poly(lactic-co-glycolic acid)
(PLGA) NPs, were synthesized by Park and collegues. They demonstrated that coating
the NPs with PEG, the circulation is enhanced and also the doxorubicin cardiotoxicity is
dramatically reduced [60].
Also the silica NPs pegylation was studied during the last decades. Gu et al. synthesized a
delivery doxorubicin system, in which mesoporous silica NPs are used. Using a silane-free
chemistry, a PEG-galactose is attached onto the NPs surface, while the inner surface of
the silica, is used to load the doxorubicin. Due to the thick PEG layer, this type of NPs
are shielded from the proteins adsorption [61]. Moreover the pegylation also affect the
NPs capture by the organs. Actually, He et al. demonstrate that pegylated mesoporous
silica NPs escape more easily from the capture by some organs: such as the spleen, the
lung, and the liver. In addition they have prolonged blood circulation time, and are more
slowly excreted in the urine [62].

However, the PEGylation is not the standard procedure for avoiding the proteins adsorp-
tion and the escape from the RES capture. “It has some limitations. Although the common
belief is that PEGylation can prevent immune recognition, recent studies have suggested
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that the PEGylated nanoparticles would induce production of specific anti-PEG IgM that
is responsible for accelerated blood clearance (ABC) of nanoparticles after repeated in-
jection. It also results in hypersensitivity reaction by complement cascade activation in
blood.” [63].

Definitively, a lot of studies around the NPs synthesis and pegylation should be done, in
order to reach the perfect optimum between the biological applications and the organic
synthesis. Also the temperature effects on the synthesis, the purification step, the reaction
time, and the molar ratio of different MWs PEG should be study.

22



1.4. Aim of thesis

1.4 Aim of thesis

This work will focus on the complete characterization, from a physo-chemical and bio-
logical point of view, of non-porous silica NPs either pegylated or not. Silica NPs are
prepared using the one-pot protocol, in which the synthesis and the pegylation steps are
carried out together, without the intermediate washing step, leading to bare and pegylated
NPs from the same reation mixture. Using the same method, also bare and pegylated NPs
incorporating different dyes were synthesized.
In order to evaluate the optimum method to cover the NPs surface with PEG, different
MWs PEGs are used. Specifically a high MW PEG (mPEG-silane 5000) and a low MW
PEG (mPEG-silane 550) are used, in order to check the effect on the stability, protein
adsorption, and viability of the NPs.

The NPs are physically and chemically characterized. In order to check the different
amount of PEG attached onto the samples surface, thermogravimetric (TG) and differential
scanning calorimetry (DSC) curves are acquired. Moreover, to confirm the PEG grafting
onto the NPs surface, and also to evaluate the complete removal of the organic solvents,
infrared spectroscopy is used. In order to check the fluorescence of the NPs synthesized
the emission and the absorption spectra were acquired.
The size, the shape, and the size distribution of the NPs are of paramount importance
for the biological applications, and here they are evaluated using scanning electron micro-
scope (SEM) and small angle X-ray scattering analyses. Using a colorimetric assay (the
molybdate assay) also the dissolution rate of bare and pegylated NPs is evaluated.

Concerning the biological characterization, the viability, the proteins adsorption, and the
macrophages uptake of the NPs are evaluated. Specifically, samples pegylated with dif-
ferent MWs PEG and different amount of it, plus the bare silica NPs, are tested. The
viability assay test are conducted on three different cell lines: healthy cells, cancer cells,
and fibroblast, in order to evaluate the different response against the NPs. Moreover, want-
ing to understand the different behavior of pegylated and bare NPs against the protein
adsorption, BSA and human serum proteins adsorption are evaluated. In order to evalu-
ate the macrophages uptake, fluorescent bare and pegylated NPs were analyzed using flow
cytometry.
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Chapter 2

Experimental Part

2.1 Materials

Reagent Supplier Purity Density M.W.
% g/cm3 u.m.a.

Ammonia Fluka 28 0.9 17.03
TEOS Aldrich 98 0.933 208.33
Ethanol Fluka 99.8 0.789 46.07
Poly(ethylene glycol) methyl ether (mPEG) Aldrich 550
Poly(ethylene glycol) methyl ether (mPEG) Aldrich 5000
Dibutyltin dilaurate (DBTL) Aldrich 95 1.066 631.56
3-isocyanatopropyl triethoxysilane (IPTS) Aldrich 95 0.99 247.36
Toluene Fluka > 99 0.867 92.14
Tetrahydrofuran (THF) Sigma >99.9 0.89 72.11
Cyclohexane Fluka 99.5 0.81 84.16
Sodium hydrogen phospate Aldrich > 99 1.68 141.96
Sodium dihydrogen phospate Aldrich 1.7 99 140.95
Amino-naphthol-sulfonic acid Aldrich > 90 239.25
Sodium sulfite Aldrich 98 2.63 126.04
Sodium hydrogen sulfite Aldrich 98 1.48 104.061
4-Amino-3-hydroxy-1-naphthalenesulfonic acid Aldrich > 90 239.25
Ammonium molybdate (VII) Sigma 83 2.498 1235.86
Oxalic acid Sigma > 99 1.9 126.07
Hydrocloric acid Merck 37 1.19 36.461
Sodium silicate solution Sigma 27 1.39
Acrylamide/Bis Bio-Rad 30 (1:9) 1.13 71.08
Comassie staining Bio-Rad
Sodium dodecyl sulfate (SDS) Sigma 99 1.01 288.38
Ammonium persulfate (APS) Sigma 98 228.20
N,N,N’,N-tetramethylethylenediamine (TEMED) Sigma 99 116.20
BSA Sigma >96 0.775 66.000
Fetal bovine serum (FBS) Lonza
Rodamine 590 Aldrich 95 479.02
Coumarin 6 Aldrich > 99 350.44
Ru(bby)3Cl2*6H2O Aldrich 99.5 748.62

Table 2.1: Reagents and solvents used in the experimental part of the thesis.
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Cell line Cell type Supplier

RAW 264.7 murine macrophages cancer cells ATCC
HEK 293 human embrional kidney healthy cells ATCC

Human fibroblast healthy cells derived from a primary culture

Table 2.2: Cells lines used for the biological test.

2.1.1 Cells culture and storage

RAW 264.7 is a murine macrophage cell line derived from an ascites of an Abelson murine
leukaemia virus-induced tumor; HEK 293 cells originate from human embryonic kidney.
Fibroblasts derived from a primary culture. All the cell lines used were cultured in DMEM,
containing glucose (4.5 g/L) and sodium bicarbonate. The medium was supplemented
with 10 % heat-inactivated FBS, streptomycin (10 mg/ml, penicillin G (100 units/ml)),
L-Glutamine (2 mM) and HEPES (0.01 M). Then the cells were maintained in culture
flasks at 37 ○C, in a humidified atmosphere with 5 % of CO2.

2.2 Methods

2.2.1 Nanoparticles synthesis

mPEG-silane 5000 synthesis

The synthesis was adapted from Jo et al. [64], with slight modifications. In a round
bottom flask 35 g of mPEG 5000 (7 mmol) were added and stirred at 90 ○C for 3.5 hours
under vacuum. To the reaction mixture 40 ml of toluene, 1.3 ml of IPTS (10.5 mmol) and
0.43 ml of DBTL (0.7 mmol) were added. After adding chemical reagents the mixture was
stirred for 48 hours under nitrogen atmosphere. Then 150 ml of n-hexane were added to
make PEG precipitate. The white precipitate was filtered with a gooch filter (porosity
G5) and washed with cold hexane. The product was purified by means of recrystallization
from THF and cyclohexane (1:4).

mPEG-silane 550 synthesis

The synthesis was carried out in the same way as reported above, except for the fact
that 7.58 ml of mPEG 550 (15 mmol), 3.74 ml of IPTS (30 mmol) and 0.924 ml of DBTL
(1.5 mmol), were used. The purification step was also the same, except for the THF:cyclo-
hexane ratio which was 1:9. The synthesis is shown as follows, in figure 2.1.
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Figure 2.1: Representative scheme of mPEG-silane synthesis.

ONE POT SYNTHESIS AND PEGYLATION

Silica nanoparticles synthesis (for 500 mg)

Silica nanoparticles were synthesized through a modified one-pot Stöber synthesis [25]. In
a round bottom flask 30 ml of ethanol and 1.9 ml of TEOS (0.009 mol) were introduced
and the mixture was stirred for 10 minutes at room temperature. A solution of 0.25 ml

of ammonium hydroxide (28 %) (0.014 mol) in 7.5 ml of distilled water was swiftly in-
jected in the round bottom flask and the mixture was stirred continuously for 24 hours.
In order to obtain bare and pegylated silica NPs from the same batch, after 24 hours the
reaction mixture was split in two aliquots. The first one was collected by centrifugation
(20000 g for 45 minutes) and washed once with ethanol and twice with water. Then silica
NPs were resuspended in a known amount of water and stored at 4 ○C for further usage
and characterization. The second aliquot of the reaction mixture was pegylated, as de-
scribed in the next paragraph. The scheme of the reaction is shown as follows in figure 2.2.

Silica nanoparticles pegylation with mPEG-silane (for 500 mg)

In order to obtain pegylated silica NPs, a known amount of different MW mPEG-silane
was added to the pristine silica NPs suspension obtained after 24 hours of reaction and
further stirred for 24 hours. After this time, the precipitate was collected by centrifugation
(20000 g for 45 minutes) and washed once with ethanol and twice with water. Then silica
NPs were resuspended in a known amount of water and stored at 4 ○C. One batch of
bare silica NPs and three batches of pegylated silica NPs, from the same synthesis, were
prepared:
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• Bare silica NPs;

• Silica NPs pegylated with mPEG-silane 5000 (table 2.3);

• Silica NPs pegylated with mPEG-silane 550 (table 2.4);

• Silica NPs pegylated with mPEG-silane 5000 and 550 (table 2.5);

Figure 2.2: Representative scheme of silica NPs pegylation.

Sample Amount of mPEG-silane Molar ratio mPEG-silane
5000 (mg) 5000 (mmol)

S2y800a 800 0.152
S2y500a 500 0.095
S2y200a 200 0.038
S2y100a 100 0.019
S2y50a 50 0.095
S2y25a 25 0.0475

Table 2.3: Known amount of mPEG-silane 5000 added to 550 mg of NPs.

Sample Amount of mPEG-silane Molar ratio mPEG-silane
550 (mg) 550 (mmol)

S2y120b 120 0.152
S2y75b 75 0.095
S2y30b 30 0.038
S2y15b 15 0.019
S2y8b 8 0.095
S2y4b 4 0.0475

Table 2.4: Known amount of mPEG-silane 550 added to 550 mg of NPs.
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Sample Amount of Amount of Molar ratio Molar ratio
mPEG-silane
5000 (mg)

mPEG-silane
550 (mg)

mPEG-silane
5000 (mmol)

mPEG-silane
550 (mmol)

S2y100a0b 800 / 0.152 /
S2y75a25b 600 30.8 0.114 0,038
S2y50a50b 400 61.6 0.076 0.076
S2y25a75b 200 92.45 0.038 0.114
S2y10a90b 79.9 110.9 0.0152 0.140
S2y0a100b / 123 / 0.152

Table 2.5: Known amount of mPEG-silane 5000 and 550 added to 500 mg of NPs.

Fluorescent silica nanoparticles synthesis

Silica NPs were synthesized and washed through the same Stöber approach, described
above. In order to make the NPs fluorescent, three different dyes (table 2.6) were added
to the reaction mixture, to a final concentration of 0.1 mM. The product was washed
with water and recovered by centrifugation, at 20000 g for 45 minutes, until the dye was
completely removed from the surnatant. This was checked by analyzing the absorption
spectra of the surnatant after each washing cycle.

Dye Molecular weight (g/mol)

Rhodamine 590 479.02
Coumarin 6 350,44

Ru(bby)3Cl2*6H2O 748.62

Table 2.6: Dyes used to make the NPs fluorescent.

2.2.2 Nanoparticles characterization

For the thermogravimetric (TG) analyses a Netzsch STA 409 was used. The analyses were
performed in air and nitrogen (air flow rate 40 ml/min, nitrogen flow rate 80 ml/min) with
a scan rate of 20 ○C/min in a range between 40 ○C and 1000 ○C.
For the SEM analyses a Zeiss sigma VP microscope was used. Samples were prepared
diluiting 5 µl of NPs suspension to 995 µl of ethanol. The solution was sonicated for
15 minutes and one drop was deposited on a silicon wafer allowing the solvent to evaporate
prior to observations. The images acquired were then processed using ImageJ, which allows
to calculate the distribution of the NPs areas (nm2), evaluating the contrast of each image.
Specifically, the image acquired was imported into the graphical interface of the program,
converted to a black and white image, and then grey amount was evaluated. For each
sample, a statistical average of ten NPs were analyzed.
The infrared spectra were recorded with a NEXUS-FT-IR instrument implementing a
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Nicolet AVATAR Diffuse Reflectance accessory. 500 µl of NPs solution were dried on a
heating block, in order to let the water evaporate and 20 mg of NPs were used for the IR
analyses. The spectra were recorded between 500 cm−1 and 4000 cm−1, using a resolution
of 2 cm−1 and 64 cycles of aquisition.
The diffraction pattern was recorded with a Small angle X-ray scattering (SAXS) Kratky
camera (Cu Kα = 0.154 nm equipped with a proportional detector for intensity recording.
The samples were prepared by adjusting the concentration to approximately 20 mg/ml.
The suspension was introduced in a glass capillary (1.5 mm internal radius). Data were
acquired as a function of the scattering vector modulus h = (4π × sinθ)/λ, where 2θ is the
angle between the incident and the scattered beams. The SAXS curves were obtained by
step scanning in a range from 0.06 nm to 0.4 nm.
For the Dynamic light scattering (DLS) analyses a Zetasizer Nano ZS (standard laser beam
wavelength= 632.8 nm) was used. Samples were prepared diluiting the NPs solution to
a final concentration in a range from 0.1 mg/ml to 1.0 mg/ml and were sonicated for 30

seconds with a Microson™ultrasonic cell disruptor XL.
For the UV-visible analysis, a UV Agilent 8453 spectrophotometer was used. The spectra
were recorded in a range from 100 nm to 1000 nm.
For the NPs uptake by the macrophages, a BD FACSCanto™II (Becton Dickinson), with
a BD FACSDiva™Software, was used. The analyses were conduct using the PE channel:
excitation with Blue laser (488 nm, air-cooled, 20-mW solid state) emissionmax 575 nm,
dichroic mirror 556LP, band pass filter 585/42.
For the viability analysis, a VersaMax Microplate Reader, from Molecular Devices was
used.

Silica NPs dissolution test

In order to evaluate the NPs dissolution in water, 2 ml of silica NPs solution (15 mg/ml),
were dialyzed in a plastic becker against 500 ml of milliQ water. At different times, a
known amount of the solution outside the dialysis tube was collected, stored at −10 ○C and
the same volume of milliQ water was reintroduced into the dialysis becker. Collected sam-
ples were analyzed with molybdate assay test [65]. Molybdate assay test is a colorimetric
method which allows to determine the concentration of soluble SiO2 in water. In order to
avoid filtration and dilution, milliQ water was used. The only specific substance known
to interfere in the color reaction is phospate, that is eliminated by the addition of oxalic
acid. The reliability concentration range of this method is from 5 mg/ml to 0.019 mg/ml

when monitoring the absorption at the wavelength 815 nm. The solutions used for the
molybdate assay test are shown in table 2.7 and were prepared the day before, in order
to allow a complete dissolution of the powders in milliQ water. Then they were stored in
plastic bottle, in dark, at 4 ○C.

In order to obtain the standards for the calibration curve, the sodium silicate stock solu-
tion (200 mg/ml) was diluted (from 5 mg/ml to 0.019 mg/ml) and the absorbance checked
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Reagent Quantity weighed Final volume
(g) (ml)

Amino-naphthol-sulfonic acid 0.5 50
Ammonium molybdate 7.5 100
Oxalic acid dihydrate 10 100

Sodium silicate 0.0473 100
Hydrochloric acid 25 ml 50

Table 2.7: Solutions used for molybdate assay test.

through a spectrophotometer. In a cuvette, 500 µl of silica solution, 10 µl of hydrochloric
acid and 20 µl of ammonium molybdate solution were added. After gentle hand swirling,
the reaction mix was allowed to stand for 5 minutes and than 15 µl of oxalic acid were
added. After 1 minute, 20 µl of amino-naphthol-sulfonic acid were added to the solution.
The absorbance was monitored at 815 nm. The same protocol described above was used
to check the absorbance of the samples.

Viability test

In order to test the cell viability after the incubation with silica nanoparticles, the XTT cell
viability assay was used. XTT cell viability assay provides a simple method for determining
live cell numbers. XTT is a tetrazolium derivative and measures cell viability based on the
activity of mitochondrial enzymes, that are activated only in live cell. XTT in live cells is
reduced to a highly orange-colored and water-soluble product. The amount of this product
will be proportional to the number of living cells in the sample and can be photometrically
quantified, probing the absorption at 475 nm. XTT cell viability assay works in most cells
lines and 0.2-2x104 cells/well should be sufficient for most experiments.

Figure 2.3: Example of a 96-well plate used for the Cell Viability Assay.
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Three different cells lines were used in order to test the NPs toxicity: RAW 264.7 murine
macrophages, human fibroblasts and human embrional kidney (HEK) 293 wild type (WT)
cells. In a 96-well plate, cells were seeded at appropriate concentration in 90 µl of complete
medium. The next day 10 µl of NPs, properly diluted, was added in duplicate and the cells
were incubated at 37 ○C for 48 hours. The dilution used for the experiments are shown
in figure 2.3. The viability of the cells was evaluated at 24 hours and 48 hours using
a microplate reader, as described above. Using the same protocol described above, the
viability cell was evaluated after the incubation of NPs with BSA.

Proteins absorption test

BSA is a globular protein, having a MW of approximately 66.000 Da and it is used in nu-
merous biochemical applications, including enzyme-linked immunosorbent assay (ELISA),
immunoblots and immunochemistry. It is also used as nutrient in microbial culture, sta-
bilizer during digestion of DNA and as a standard for quantitative assay, like Bradford
protein assay. To evaluate the absorption of this protein to bare and pegylated silica NPs,
an SDS electrophoresis gel was prepared, as shown in table 2.8.

Reagent Stacking gel Running gel
µl µl

SDS 2310 7000
TRIS 5000 9000
Acrylamide 1700 14500
MilliQ Water 1300 38500
APS 80 210
TEMED 7.5 17.5

Table 2.8: Reagents used to make two SDS electrophoresis gel.

A stock solution of BSA diluited in PBS (50 mg/ml), and three standards (5 µg, 2 µg, 1
µg) were also prepared at the same time. The PBS recipe is shown in table 2.9. In order to
obtain 170 µg of NPs for each reaction mix, a known amount of the sample was transferred
into an eppendorf tube (table 2.10) and incubated with 200 µl of the BSA solution at 37 ○C
for 1 hour. Samples were than washed with PBS five times, centrifuged (15.000 g for 20
minutes) and the pellet was resuspended into 1 ml of PBS.

An eppendorf tube containing the resuspended pellet (40 µg of NPs) and the sample buffer
concentrated 4 times (4X) was prepared, in order to obtain 20 µl of the sample to load in
each well of SDS electrophoresis gel. The last washing of each sample be loaded into a well
of the SDS electrophoresis gel, in order to check the eventual presence of residual BSA.
Three standards of BSA solution and a marker, as a molecular-weight size standard, were
also loaded in the wells of SDS electrophoresis gel. The loading order is shown in figure
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Reagent Molar concentration M.W. Quantity weighed
(mM) (g/mol) (g)

Sodium chloride 150 58.44 8.766
Sodium hydrogen phospate 2.5 177.99 0.445
Sodium dihydrogen phospate 2.5 137.99 0.345

Table 2.9: Recipe of PBS.

Sample Concentration Amount of sample
(mg/ml) (µl)

S2y 38.55 4.64
S2y800a 24.10 7.43
S2y25a 46.85 3.82
S2y120b 19.75 9.06
S2y4b 17.90 10.00
S2y75a25b 32.55 5.5
S2y25a75b 21.10 8.48

Table 2.10: Amount of sample added to each well during the electrophoresis gel

2.4. Using the same protocol described above, the protein absorption was evaluated after
the incubation of NPs with human serum.

Figure 2.4: Loading order of the SDS electrophoresis gel.

Uptake test

In order to obtain the data related to the NPs uptake, a flow cytometer BD FACSCanto™II,
with BD FACSDiva™software were used. In a 24-well plate the macrophages RAW 264.7
were sedeed (3x105 cells/well) and left to spread overnight. Then the cells were incubated
with different concentrations of fluorescent NPs for 24 hours at 37 ○C. After the incubation
the cells were washed with PBS and detached from the plate. The fluorescence was acquried
using the phycoerytrin (PE) channels of a BD FACSCanto™II flow cytometer.
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Chapter 3

Results and discussions

3.1 Physical and chemical characterization

3.1.1 mPEG-silane

Infrared spectroscopy analyses

In order to recognize the characteristic vibrations of the PEG chemical groups, the mPEG-
silane 5000 and mPEG-silane 550 infrared spectra were acquired. To let all the water
evaporate, about 20 mg of the dry samples (500 µl) are placed on a heating block overnight.
The mPEG-silane chemical structure is also depicted, in order to make clearer where the
IR vibrations originate from.

Figure 3.1: Chemical structure of mPEG-silane.

In figure 3.2 the characteristics peaks of mPEG-silane are shown. The peak centered at
1715 cm−1 is characteristic of the urethane carbonyle group vibration (C−−O) [66], while the
peak at 1537 cm−1 is attribuited to the amine group in the urethane bond (NH) [67]. The
vibrations of the −CH2 groups are centered at 1466 cm−1, 1348 cm−1, and 1279 cm−1 [68].
The peak centered at 943 cm−1 is characteristic of the −CH group. The peaks centered at
1240 cm−1 and 1105 cm−1 belong respectively to the C−O and Si−O bond [69, 70]. The
peaks in the range between 2934 cm−1 and 2865 cm−1, show the absorption of asymmetric
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3.1. Physical and chemical characterization

Figure 3.2: IR spectra of mPEG-silane 550 and mPEG-silane 5000.

and symmetric −CH2 adjacent to a carbonyl group [71].

As shown in figure 3.2, the vibrations between 1466 cm−1 and 1279 cm−1, related to the
−CH2 groups, are more intense for mPEG-silane 5000 than for mPEG-silane 550. The
reason should be searched in the chain length of the PEG. Actually, mPEG-silane 5000 is
composed of more −CH2 units than the mPEG -silane 550, leading to an enhanced signal
intensity.

Definitely, the correct synthesis of the mPEG-silane 5000 and mPEG-silane 550 were
confirmed by the IR analyses. In the light of above, both of the polymer were chosen
for the pegylation step of the silica NPs synthesized.

3.1.2 Thermogravimetric analyses

Differently from the mPEG-silane 550, which is liquid, the mPEG-silane 5000 can be an-
alyzed by means of thermogravimetric analysis. In figure 3.3 the results are shown. The
weight loss due to the polyethylene chain can be recognized in the TG curves, according
to the literature [72].

As shown in figure 3.3, the TG curve of the mPEG weight loss does not reach the zero,
because of the remaining fraction of SiO2 after the polyehtylene chain weight loss, of
about 1.3 weight percentage. According to the stoichiometry of the compound, from each
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3.1. Physical and chemical characterization

Figure 3.3: TG curves of mPEG-silane 5000.

mPEG-silane mole a mole of SiO2 is generated after the thermal treatment. From these
calculations, one should observe a 1,14 % of remaining weight in the sample, in fairly good
agreement with the experimental value obtained.
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3.1. Physical and chemical characterization

3.1.3 Silica nanoparticles

Infrared spectroscopy anlyses

In order to verify the PEG grafting onto the pegylated silica NPs, an infrared spectrum
of each sample was acquired. Before the analysis, about 20 mg of the dry samples (500 µl)
are placed on a heating block overnight, in order to let all the water evaporate. In figure
3.4 the spectra acquired are shown, from the less pegylated to the more pegylated one.

Figure 3.4: IR spectra pegylated NPs. Spectra of pegylated NPs with mPEG-silane 5000 (red).
Spectra of pegylated NPs with mPEG-silane 550 (blue). Spectra of pegylated NPs with mPEG-

silane 5000 and 550 (green).

In order to make clearer the PEG grafting onto pegylated silica samples, a comparison
between the pegylated and bare samples (S2Y, S2Y800a, S2Y120b, S2Y50a50b) was done.

As shown in figure 3.5, all the pegylated samples display the characteristic peaks of the
mPEG-silane. Specifically, the peaks centered at 1348 cm−1, 1452 cm−1, and 1285 cm−1 be-
longing to the vibrations of the CH2 group, while peak centered at 943 cm−1 is attribuited
to the out of plane bending vibration of −CH group. Moreover, the vibrations of the
C−−O bond, −NH group, and C−O bond, can be well appreciated in figure 3.5, centered at
1715 cm−1, 1537 cm−1 and 1246 cm−1 respectively. Both pegylated and bare samples, show
the characteristics peaks of the Si−O−Si bond, centered at 806 cm−1 and 1087 cm−1. All
the characteristic vibrations are summarized in the correlation table 3.1.

In order to verify the different PEG amount grafted onto the NPs, the IR spectra were
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3.1. Physical and chemical characterization

Figure 3.5: IR spectra of bare, pegylated NPs and mPEG-silane 5000.

Number Wavenumber Vibration
cm−1

1 806, 1087 Si−O−Si
2 1105 Si−O stretching
3 1246 C−O stretching
4 1348 −CH2 twisting
5 1466 −CH2 scissoring
6 1537 −NH scissoring
7 1715 C−−O stretching
8 2934, 2865 −CH2 stretching

Table 3.1: Correlation table related to the vibrations of mPEG-silane.

processed using Origin. Specifically, for all the samples of the same batch, the area under
the curve of the vibration of the −CH alifatic groups under 3000 cm−1, was evaluated and
plotted against the PEG/Si molar ratio.
In figure 3.6 it is shown the increase of the area under the curve according to the increase of
the PEG/Si molar ratio. This phenomenon is preserved for both of the pegylated batches,
with mPEG-silane 5000 and mPEG-silane 550.

To sum up, the pegylation step has been succesful for all the samples synthesized. Three
pegylated batches of NPs were succesfully synthesized: with mPEG-silane 5000, mPEG-
silane 550, and a mixture of two PEGs. Differently from the bare samples, the pegylated
samples show the characteristic vibrations of the PEG groups, allowing to confirm the
polymer grafting. Moreover, also the pegylation using different amount of the same MW
mPEG-silane has been succesful, proved by the increase of the area under the curve.

37



3.1. Physical and chemical characterization

Figure 3.6: Evaluation of the PEG amount of pegylated samples. The integrated area of the IR
spectra is plotted versus the PEG/Si ratio.

Thermogravimetric analyses

Four of the pegylated silica NPs, respectively the less and the most pegylated of the
singly doped series (S2y25a, S2y500a, S2y4b, S2y120b), and the bare silica sample (S2y)
were analyzed by means of thermogravimetric analysis. The day before the analysis, all
the samples were put on a heating block at 80 ○C overnight, in order to let the water
evaporate. Than the TG and the DSC curves were acquired in air and nitrogen (air flow
rate 40 ml/min, nitrogen flow rate 80 ml/min), in a range between 40 ○C and 1000 ○C, with
a scan rate of 20 ○C/min.

Figure 3.7: TG curves of a pegylated samples (S2Y120b).
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3.1. Physical and chemical characterization

Because of the remaining solvents in the samples pegylated with mPEG-silane 550 (figure
3.7), the first weight loss occurs up to 100 ○C. Moreover, an additional weight loss is ob-
served in figure 3.7, between 100 ○C and 500 ○C, due to the decomposition of the organic
groups and the dehydroxylation of the silanol groups. The DSC curve shows an endother-
mic peak around 220 ○C, which is the boiling point of the mPEG-silane, according to the
commercial data [73].
In order to evaluate the different weight losses related to the amount of PEG used in
the pegylation steps, the TG curves were processed. After the data processing, the total
weight loss in the range between 250 ○C and 1000 ○C was evaluated for all the samples.
The results are shown in figure 3.8 and summarized in table 3.2. The % of PEG grafted
shown in table 3.2 is related to the total amount of PEG added to the reaction mixture
during the pegylation step.

Figure 3.8: Weight losses of bare and pegylated NPs.

As shown in figure 3.8 the weight loss is proportional to the amount of PEG used. Specifi-
cally, samples pegylated with a higher amount of PEG show a higher weight loss, according
to the objective of this study.

Analyzing the data about the PEG percentage grafted onto the silica NPs some consider-
ations should be done. Increasing the PEG amount added to the reaction mixture, during
the pegylation step, the percentage of PEG grafted to the silica NPs also increases, up
to a limit value, in which the saturation point is reached. This situation is shown for
both the MWs PEG. Moreover, comparing the two MWs PEG, the saturation point is
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Sample PEG/SiO2 PEG added PEG grafted
mg/500mg % %

S2Y25a 25 50 6
S2Y500a 500 5 3.5
S2Y120b 120 19 3.7
S2Y4b 4 0.8 0.66

Table 3.2: Processed data related to the weight loss of the pegylated samples.

reached before for the mPEG-silane 5000, because of the higher molecular weight and
steric hindrance, which allow a less grafting to the NPs.

Scanning electron microscope analyses

In order to evaluate the size, the shape and the distribution of the pegylated and the bare
NPs, SEM images were acquired. In figure 1.7 one image for each batches synthesized is
shown.

Figure 3.9: Images acquired by the SEM of the bare and pegylated silica NPs. A) Pegylated
silica NPs with mPEG-silane 5000 (S2Y800a). B) Pegylated silica NPs with mPEG-silane 550
(S2Y120b). C) Pegylated silica NPs with a mixture of mPEG-silane 5000 and 550 (S2Y50a50b).

D) Bare silica NPs (S2Y).
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3.1. Physical and chemical characterization

To allow a better analysis of the data, a SEM image was acquired for each sample of the
four batches synthesized, as described in the previous sections. The images acquired were
then processed using ImageJ software. The results for all the samples synthesized are
shown in table 3.3.

Sample Radius Sample Radius Sample Radius
series a nm series b nm series ab nm

S2y800a 24 ± 1 S2y120b 20 ± 1 S2y100a0b 23 ± 1
S2y500a 18.0 ± 0.2 S2y75b 20 ± 2 S2y75a25b 18.6 ± 0.2
S2y200a 18.4 ± 0.1 S2y30b 18 ± 4 S2y50a50b 18.9 ± 0.1
S2y100a 23.2 ± 0.1 S2y15b 19.8 ± 0.8 S2y25a75b 22.2 ± 0.1
S2y50a 18.0 ± 0.1 S2y8b 17.3 ± 1.5 S2y10a90b 19.1± 0.1
S2y25a 20.4 ± 0.1 S2y4b 15.8 ± 0.2 S2y0a100b 21.4 ± 0.1

S2y 18.0 ± 0.1

Table 3.3: Radii of the NPs pegylated with mPEG-silane 5000, mPEG-silane 550, and a mixture
of them, plus the bare silica NPs.

These NPs are well dispersed and have an average radius of about 20 nm. Due to the thin
layer of PEG on the NPs surface, there are no evident differences in radius between the
pegylated and the bare silica NPs.

The shape of the NPs can be well appreciated in figure 3.10 to be spherical, especially
when the NPs are well dispersed. Actually a slight aggregation phenomenon is shown,
maybe due to the poor sonication time.

Figure 3.10: SEM images of pegylated silica NPs (S2Y800a).

These samples were used for the following studies because of their size below 100 nm, per-
fectly in accordance with the definitions of NPs. This type of NPs having small radius,
good polydispersion, and stability in solution are optimally suited for biological applica-
tions, as described in the previous sections.
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3.1. Physical and chemical characterization

Small angle X-ray scattering analyses

The SAXS patterns of the samples confirm the SEM data obtained about the size and the
shape of the NPs. We choose to display a single SAXS spectra as representative of the
data of all the samples, which were dispersed in mPEG-silane 550 for the analyses. The
NPs radius is centered around 20 nm.

Figure 3.11: Volumetric distribution of silica NPs radii.

The SAXS curves were fitted considering a two phase system, where homogeneous spher-
ical NPs are dispersed in a continuous medium. In order to calculate the SAXS of the
distribution of spherical NPs, some considerations should be done. The NPs and the
medium have respectively, scattering legth of ρp and ρm, which for X-ray scattering is the
average electron density of the two phases. For a diluite system, in which the interparticle
interferences can be neglected, only the sum of the scattering produced by the single NPs,
is considered.

I(h) ∝ (ρp − ρm)2∫
∞

0
N(r)r6I0(h, r), dr (3.1)

where h=4πsin(θ)/λ,
I0(h, r) is the normalised form factor of the single particle of size r;
r is the size of the particle;
N(r) is the size distribution density.
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For a homgeneous spherical NP the form factor is:

I0(h, r) = [3
sin(hr) − hrcos(hr)

(hr)3 ]
2

(3.2)

Very often the N(r) obtained by the inversion of the equation 3.1 presents large deviation
in the small r region and this behaviour is evident when studying simulated data obtained
by some previously chosen distribution. This is because the integrand in 3.1 depends on
the sixth power of r (so it is more sensitive to the large particles) and because the exper-
imental data are known only in a restricted region of the reciprocal space hmin<h<hmax
so we have a restricted resolution in the N(r) function. This limits the meaningful sup-
port of the analysable distribution N(r) that has to completely developed in the in the
rmin=h/2hmax <r<rmax=h/2hmin in order to obtain reliable results from the analysis of
the scattering intensity [74].

However, the approach used in this thesis consider the shape of the size distribution as an
a priori chosen function which depends of some refinable parameters: the most used are
the log-normal, the Gaussian, the Shultz, and the Weibull distributions. In this thesis we
analyse the data by using the non linear least squared method, and assuming the Shultz
distribution as an a priori particle size distribution. The Shultz function (3.3), which al-
lows the numerical integration of the function 3.1, depends of two refinable parameters:
< r > which is the mean value, and z which is the parameter that controls the shape and
the width of the distribution.

In particular the distribution reduces to δ(r− < r >), with z ←∞:

N(r) = 1

Γ(z + 1)
z + 1

< r >
(z+1)

rze−
z+1
z
r (3.3)

where z >-1 and Γ is the gamma function.

I(h) = (ρp − ρm)2 4π

h3
[I1 + I2 − 2I3] (3.4)

where:

I1 =
bz+1(z + 2)(z + 1)

2
[ 1

bz+3
+
cos[(z + 3)arctg(2b )]

(4 + b2)
(z+3)

2

] (3.5)
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I2 =
bz+1

2
[ 1

bz+1
+
cos[(z + 1)arctg(2b )]

(4 + b2)
(z+1)

2

] (3.6)

I2 =
bz+1(z + 1)

2
[
sin[(z + 2)arctg(2b )]

(4 + b2)
(z+2)

2

] (3.7)

with:

b = z + 1

h < r > (3.8)

∫
∞

0
N(r)rndr =< r > (z + 1)(z + 2)...(z + n)

(z + 1()n) (3.9)

So the Guinier radius becomes:

(RG)2 =
3 < r8 >
3 < r6 > = 3(z + 7)(z + 8)

5(z + 1)2 < r2 > (3.10)

Using the numerical approach, the data were processed as follows. In figure 3.12 the data
fit are shown.

Figure 3.12: Small angle X-ray scattering for a distribution of spherical silica NPs.
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Dynamic light scattering analyses

In order to evaluate the hydrodynamic radius of bare and pegyalted NPs, and their stabil-
ity in solution, DLS and ζ potential curves were acquired. Specifically, the NPs size was
measured evaluating the random changes in the scattering of the light from a solution. On
the other hand, the ζ potential measures the magnitude of the electrostatic charges on the
surface of the NPs in solution, leading to an evaluation of the aggregation phenomena. A
characteristic DLS analysis, is shown as follows.

Figure 3.13: Data of a DLS analysis: intensity (A), volume (B), and number (C) weighted
distributions.

As shown in figure 3.13, the instrument acquires three curves for each sample: intensity,
volume, and number. The first one is a distribution weighted on the scattering intensity,
while the second one show the distribution weighted for the volume of the NPs that have a
specific size. Eventually the number weighted distribution is representative of the number
of NPs which have the same hydrodynamic radius. Using an appropriate sonication time,
a well dispersed NPs solution, with a small amount of aggregates can be obtained. The
distribution based on the intensity is the only measure directly derived from the correlation
function, while the other two, number and volume distribution, are derived from the z-
average value. In the light of this, the best parameter to be chosen is the distribution based
on the intensity. Moreover, another important parameter to check during a DLS analysis
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is the polydispersion index (PDI), which is related to the distribution of the molecular
mass in a sample, and it is calculated as follows:

PDI =Mw/Mn (3.11)

where Mw is the weight average molecular weight;
and Mn is the number average molecular weight.

The size (intensity, volume, and number) and the ζ potential of all the samples were ac-
quired three times, and then processed using Excel, in order to have an average of the
samples data. In figures 3.14 and 3.15 the DLS data of a representative pegylated sample
and bare silica NPs are shown.

Figure 3.14: DLS data of bare silica NPs (S2Y).

As shown in the previous figures, all the samples, bare and pegylated NPs, show compa-
rable hydrodynamic diameter, in the range between 30 nm and 40 nm. Moreover, a second
peak with higher diameter is shown, which indicates a slight aggregation phenomenon of
the NPs, maybe due the poor sonication time. However, the PDI have acceptable value
and the result quality are good, proving an optimal NPs dispersion for the DLS analyses.
The data of all the samples synthesized were acquired and then processed with Excel, in
order to obtain a diameter distribution of the NPs, which are shown in table 3.4.
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Figure 3.15: DLS data of pegylated silica NPs with mPEG-silane 5000 (S2Y500a).

Sample Diameter Sample Diameter Sample Diameter
series a (nm) series b (nm) series ab (nm)

S2y800a 35 ± 4 S2y120b 40 ± 4 S2y100a0b 30 ± 1
S2y500a 33 ± 2 S2y75b 39 ± 1 S2y75a25b 33.9 ± 0.4
S2y200a 33 ± 1 S2y30b 41 ± 4 S2y50a50b 34 ± 2
S2y100a 36 ± 1 S2y15b 39.6 ± 0.4 S2y25a75b 38 ± 2
S2y50a 40 ± 1 S2y8b 33 ± 4 S2y10a90b 45 ± 2
S2y25a 40 ± 2 S2y4b 39 ± 1 S2y0a100b 40 ± 3

S2y 37.1 ± 0.2

Table 3.4: Diameter distribution of pegylated and bare silica NPs, related to the DLS data.

As shown in table 3.4, the hydrodynamic radii of all the samples are mutually comparable.
However there are no evident differences between bare and pegylated NPs. The reason
should be searched in the thickness of the PEG layer around the NPs, too thin to be seen
by this type of instrument. However, the size previously determined by SEM and SAXS
analyses, are confirmed also by the DLS analysis. Moreover, in order to evaluate the NPs
stability in solution, also the ζ potential was analyzed for all the samples synthesized, as
shown in figures 3.16 and 3.17. In order to obtain a distribution of ζ potential, the data
were then processed using Excel, as in the previous set of experiments.

The ζ potential of the pegylated silica NPs is more negative than the ζ potential of the
bare NPs. This behaviour has already been reported in the literature, but no definitive
interpretation have been proposed to explain it [32]. Specifically, the ζ potential values of
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Figure 3.16: ζ potential data of bare silica NPs (S2Y).

Figure 3.17: ζ potential data of pegylated silica NPs with mPEG-silane 5000 (S2Y500a).

all the samples are shown in table 3.5.
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Sample ζ potential Sample ζ potential Sample ζ potential
series a (mV) series b (mV) series ab (mV)

S2y800a −26.90 S2y120b −22.90 S2y100a0b −31.80
S2y500a −31.90 S2y75b −24.00 S2y75a25b −32.90
S2y200a −34.10 S2y30b −24.40 S2y50a50b −34.90
S2y100a −34.90 S2y15b −27.40 S2y25a75b −33.00
S2y50a −36.50 S2y8b −28.00 S2y10a90b −32.00
S2y25a −39.50 S2y4b −28.40 S2y0a100b −40.50

S2y −24.10

Table 3.5: ζ potential data of pegylated and bare silica NPs.

The ζ potential of the singly doped series are quite comparable. Moreover, samples pe-
gylated with the mPEG-silane 550 show less negative ζ potential rather than the other
pegylated samples, comparable with the ζ potential of the bare samples.
However, samples pegylated with different amount of the same MW PEG do not show
variations in ζ potential values. The reason should be searched in the thickness of the
PEG layer, too thin to affect the ζ potential value.

The NPs were also stable in water and PBS ([NaCl]=100 mM). In the light of above, bare
and silica NPs can be used also in PBS, which is largely used in biological analyses because
of its ability to mimick the pH and the salt concentration of the biological fluid.

Molybdate assay

In order to evaluate the pegylation effect on the NPs dissolution, the molybdate assay was
used. Two samples, bare (S2Y) and pegylated (S2Y500a) NPs were analyzed as described
in the experimental section, the data were processed using Origin and are shown as follows.

As shown in figures 3.18 and 3.19 the dissolution process of silica NPs occurs also in neutral
solvent, such as the water. However the dissolution rate in deionized water should be far
slower than in solution having an acidic or basic behaviour, or containing aggressive ions
(e.g. phosphates), as shown in literature [75]. Moreover, the dissolution rate of pegylated
silica NPs occurs faster rather than the dissolution of the bare sample. The reason should
be searched in the PEG layer around the pegylated NPs, which bring away a first super-
ficial layer of silica when detached from the NPs surface, leading to an enhanced silicate
concentration in the solution detected by the molybdate assay.
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Figure 3.18: Dissolution data of bare silica NPs (S2Y), after 131 days.

Figure 3.19: Dissolution data of pegylated silica NPs (S2Y500a), after 111 days.

50



3.1. Physical and chemical characterization

3.1.4 Fluorescent silica nanoparticles

The fluorescent samples incorporating Rhodamine 590, Coumarin 6, and Ru(bby)3Cl2*6H2O,
synthesized as described in the experimental section, were also characterized using the
physo-chemical techniques: such as the SEM and the UV-Visible spectrophotometry.
The emission and the excitation wavelength of the dyes, dissolved in ethanol, were eval-
uated. In figures 3.20, 3.21, and 3.22 the data are shown, and are summarized in table
3.6.

Figure 3.20: Rhodamine 590 emission and absorption spectra.

Figure 3.21: Coumarin 6 emission and absorption spectra.
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Figure 3.22: Ru(bby)3Cl2*6H2O emission and absorption spectra.

Dye Absorption Emission
wavelength (nm) wavelength (nm)

Rhodamine 590 525 547
Coumarin 6 460 500

Ru(bby)3Cl2*6H2O 286,452 625

Table 3.6: Emission and absorption of the dyes, dissolved in ethanol, used during the thesis.

Moreover, the fluorescence of the dyes embedded in the bare and pegylated NPs were
measured and are shown as follows.

Figure 3.23: Emission and absorption of bare and pegylated NPs incorporating Rhodamine 590
(S2YRh, S2Y500aRh).
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Figure 3.24: Emission and absorption of bare and pegylated NPs incorporating Coumarin 6
(S2YCu, S2Y500aCu).

Figure 3.25: Emission and absorption of bare NPs incorporating Ru(bby)3Cl2*6H2O (S2YRu,
S2Y500aRu).

In order to evaluate the size and the shape of the pegylated and bare NPs incorporating
the dyes, SEM images were acquired. In figures 3.26 and 3.27 two representative images
of fluorescent bare and pegylated NPs are shown. All the NPs had radii around 20 nm,
and were easily dispersible, as in the previous synthesis.

In the light of above, the fluorescent bare and pegylated NPs were chosen for the next set
of experiment in the biological field, such as the cells viability test, and the macrophages
uptake.
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Figure 3.26: SEM image of fluorescent bare silica NPs incorporating Rhodamine 590 (S2YRh).

Figure 3.27: SEM image of fluorescent pegylated silica NPs incorporating Rhodamine 590
(S2Y500aRh).

3.2 Biological characterization

Six of the pegylated silica samples, respectively the more pegylated and the lower pegylated
for each batch (S2y25a, S2y800a, S2y4b, S2y120b, S2y75a25b, and S2y25a75b) and the
bare silica sample (S2y) were chosen for the biological characterization. Since they are
supposed to show the more different behavior in the series, the pegylated samples were
chosen in order to understand the effect of the PEG layer on the cells viability and the
proteins adsorption on the NPs surface. In order to evaluate the cells viability after the
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NPs incubation, three cell lines were used:

• RAW 264.7 murine macrophages;

• HEK 293 human embryonic kidney cells;

• Human fibroblasts.

All the samples were analyzed using the same conditions in terms of samples concentration
and incubation days, in order to obtain an optimal reproducibility of the data. The via-
bility test takes advantage of the change in colour due to the MTT reduction, metabolized
only by the live cells, as described in the previous section. The orange colour produced by
the mock-treated control cells, which are the cells that receive the same reagent treatment
except for the NPs incubation, is quantified by means of absorption spectroscopy and cor-
responds to 100 % of cells viability. This reference value is reported in figures 3.28 and
3.29 for all samples at NPs concentration of 0,00 mg/ml. The cells viability of the NP
treated cells was calculated as percentage between the optical density (OD) measured at
each NP concentration with respect to the OD of the mock-treated control; the viability
was evaluated after 24 hours and 48 hours from the NPs incubation. In figures 3.28 and
3.29 the viability data are shown after the NPs incubation with RAW 264.7 cells at 24

hours and 48 hours.

Figure 3.28: Viability data after the NPs incubation with RAW 264.7. The data were acquired
after 24 hours.

After 24 hours, samples S2Y and S2Y4b seem to be the more toxic for the murine
macrophages, while the other five samples (S2Y120b, S2Y800a, S2Y25a, S2y75a25b, and
S2y25a75b) are better tolerated. In line with the data reported in the section 1.3, the more
toxic samples are respectively the bare silica NPs and the one pegylated with the lower
amount of PEG-silane 550. After 48 hours, the toxicity of all the samples is enhanced, in
particular samples S2Y, S2Y4b, S2Y120b and S2Y25a are more toxic than the others.
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Figure 3.29: Viability data after the NPs incubation with RAW 264.7. The data were acquired
after 48 hours.

The viability data were also acquired on the HEK 293 cells, as shown in figures 3.30 and
3.31. As in the previous viability test, the orange colour produced by by the mock- treated
control cells, is taken as the reference value (NPs concentration 0,00 mg/ml).

Figure 3.30: Viability data after the NPs incubation with HEK 293. The data were acquired
after 24 hours.

As shown in figures 3.30 and 3.31, all the samples are quite biocompatible. Differently
from the previous experiment, the NPs toxicity after 48 hours is not significantly enhanced
compared to the toxicity after 24 hours.

In order to test the NPs toxicity on a healthy cell line, we worked on the fibroblasts cells.
The data are shown in figures 3.32 and 3.33.
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Figure 3.31: Viability data after the NPs incubation with HEK 293. The data were acquired
after 48 hours.

Figure 3.32: Viability data after the NPs incubation with human fibroblasts. The data were
acquired after 24 hours.

Also in this experiment, such as in the previous ones, the orange colour produced by by the
mock-treated control cells is taken as the reference value (NPs concentration 0,00 mg/ml).
In figure 3.32 all the samples are biocompatible, except for the bare silica NPs (S2Y).
After 48 hours (figure 3.33) the cells viability is quite similar to the viability measured at
24 hours.

Summarizing our results on the cell viability assays we can highlight some points. The
RAW 264.7 macrophages are more prone to ingest the “non-self” compounds than the
fibroblast and the HEK 293 cells, leading to a reduced viability after 48 hours, as shown
in figure 3.28. The increasing in cell viability measured with the MTT assay may be due
to some events. The ingestion or the interaction with NPs could stimulate the cellular
redox system and therefore improve the staining of the medium. Moreover, the surface
cell receptors could also be activated by the interaction with the NPs, leading to a change
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Figure 3.33: Viability data after the NPs incubation with human fibroblasts. The data were
acquired after 48 hours.

in cellular homeostasis, and to an enhanced cellular proliferation. Therefore we have also
analysed by optical microscopy the wells where we have measured higher cell viability with
respect to the mock-treated control. We have observed that there were very low differences
in the cell number among these wells. So we can conclude that the higher viability is not
due to cell proliferation but to an increasing in the redox system activity.
In addition to these observations, for all the cell lines the NPs toxicity after 48 hours seems
to be enhanced compared to the toxicity after 24 hours. We hypothesized that the reason
should be due to the formation of a thick NPs layer over the cells surface,leading to an
impair in their functions.
To sum up the results of the cells viability tests, the bare silica NPs (S2Y) and the samples
pegylated with a lower amount of PEG (S2Y4b and S2Y25a) result more toxic for all the
cell lines tested; therefore we can conclude that the masking of the NP surface with PEGs
increase the biocompatibility.

As described in the previous section and reported in literature (section 1.2.2), the proteins
adsorption onto the NPs surface affect the immune system response, the cellular uptake,
the clearance, the biodistribution, and the internalization processes. Moreover the PEG
coverage not only promote the internalization process, improve the stability, and make the
NPs stealth, but also limit the proteins adsorption and the phagocytic process. In the light
of above, in order to evaluate the different proteins adsorption onto bare and pegylated
NPs surface, BSA and human serum proteins adsorption were tested. The analysis were
performed using an SDS electrophoresis gel protocol.
The optimal BSA concentration for the experiment is reported in literature and is very
similar to the albumin value measured in the human blood: 3,5 g/dl - 5,5 g/dl [47, 48].
The pegylated and bare NPs (same samples of the previous analysis), were incubated with
BSA (50 mg/ml) at 37 ○C for 1 hour, as described in the experimental section. Then the
samples (40 µg of NPs) were loaded into the SDS electrophoresis gel together with the
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three BSA standards (1 µg, 2 µg, 5 µg from a stock solution of BSA 50 mg/ml).

Figure 3.34: SDS-electrophoresis gel about the BSA adsorption onto the NPs surface.

As shown in figure 3.34, BSA was adsorbed onto the surface of all the samples analyzed.
Specifically, the bare silica NPs (S2Y) and the ones pegylated with the lower amount of
PEG (S2Y4b and S2Y25a) adsorbed an higher amount of BSA onto their surface. In order
to make more clear this consideration, the data were processed using ImageJ. First the
electrophoresis gel image (figure 3.34) was converted to a black and white image. Follow-
ing, the brightness/contrast was adjusted, the grey amount of each bands was plotted as a
peak-shape function, and then the area under the curve was calculated. The data obtained
are shown as follows, in figure 3.35.

Figure 3.35: Data related to the BSA adsorption onto the NPs surface.

In order to make a semi-quantitative analysis of the amount of the adsorbed BSA, the
samples data were compared to the BSA standard data and the result are shown in table
3.7.
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Samples BSA amount
(µg)

S2Y 0.71
S2Y120b 0.48
S2Y4b 0.57
S2Y800a 0.49
S2Y25a 0.57

S2Y75a25b 0.49
S2Y25a75b 0.48

Table 3.7: BSA amount adsorbed.

To sum up, all the obtained data, the BSA adsorption is higher onto the bare sample
(S2Y) and the lower pegylated (S2Y4b, S2Y25a) samples.
In order to confirm the data obtained using a commercial and purified BSA, the same pro-
tocol previously described, was used to test the interaction with human serum proteins.
As described in section 1.3 the albumin is one of the most abundant proteins of the human
serum, together with the fibrinogen, and the globulins. In figure 3.36 the data related to
the human serum proteins adsorption are shown.

Figure 3.36: SDS-electrophoresis gel about the human serum proteins adsorption onto the NPs
surface.

The gel data were than processed using ImageJ, using the same conditions described above,
in order to obtain a semi-quantitative analysis. In figure 3.37 the results are shown. In
table 3.8 the data related to the comparison between the samples and the standards are
shown.

Samples S2Y and S2Y4b adsorb a higher amount of human serum proteins, confirming the
data obtained in the previous experiment with BSA. As previously studied in literature
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Figure 3.37: Data related to the human serum proteins adsorption onto the NPs surface.

Samples BSA amount
(µg)

S2Y 1.47
S2Y120b 1.19
S2Y4b 1.40
S2Y800a 1.03
S2Y25a 1.00

S2Y75a25b 1.06
S2Y25a75b 1.10

Table 3.8: Human serum proteins amount adsorbed.

[76], and in reference to the molecular weight of the marker, it is assumed that the other
bands shown in figure 3.36 can be the globulins, another important component of the
human serum.

Moreover, in order to evaluate if the insufficient PEG coverage can be made more effective
by the BSA adsorption, the cells viability tests were repeated using a different protocol.
After the NPs pre-incubation with BSA at 37 ○C for 1 hour, the NPs were then incubated
with the same cell lines used in the previous set of experiments. Only the more toxic
samples were chosen for this experiment: the bare silica NPs (S2Y) and the pegylated
ones (S2Y4b and S2Y25a). In order to make a comparison between the BSA adsorption
onto the NPs and the related controls, which were not previously incubated with BSA,
the NPs toxicity was evaluated for six samples (S2Y-BSA, S2Y4b-BSA, S2Y25a-BSA and
S2Y, S2Y4b, S2Y25a). The data related to the NPs-BSA incubation with the RAW 264.7
macrophages are shown in figures 3.38 and 3.39.
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Figure 3.38: Viability data after the NPs-BSA incubation with RAW 264.7 macrophages. The
data were acquired after 24 hours.

As shown in figure 3.38, all the samples incubated with BSA seem to be more toxic for the
RAW 264.7 macrophages than the related controls (without BSA on their surface). The
same situation is shown also in figure 3.39, after 48 hours. Actually the BSA coverage onto
the NPs should have a masking effect towards the cells, as reported in the literature [77].
However, this phenomenon is in accordance with the data reported in the last decades
literature about the macrophages. Poteser et al. in their experimental work demonstrate
the presence of albumin receptors onto the macrophages surface [78], leading to a enhanced
NPs-BSA phagocytosis, rather than the NPs without the BSA coverage.

Figure 3.39: Viability data after the NPs-BSA incubation with RAW 264.7 macrophages. The
data were acquired after 48 hours.

The same protocol was applied to the HEK 293 cells. The cells viability was acquired at
the same conditions of the previous experiment, and the data related to the NPs incubation
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with the HEK 293 cells, are shown in figures 3.40 and 3.41.

Figure 3.40: Viability data after the NPs-BSA incubation with HEK 293. The data were acquired
after 24 hours.

Figure 3.41: Viability data after the NPs-BSA incubation with HEK 293. The data were acquired
after 48 hours.

Differently from the previous experiment, in which the macrophages were used, the toxicity
of the NPs-BSA on the HEK 293 cells, is reduced, as shown in figures 3.40 and 3.41. This
phenomenon is in accordance with the data reported in literature; Frölich et al. demon-
strated that the BSA adsorption onto the NPs surface can mask them towards the cells,
leading to a reduced NPs toxicity [77].
The same phenomenon is shown in figures 3.42 and 3.43, in which the cells viability was
evaluated on the human fibroblasts. Samples S2Y, S2Y4b and S2Y25a are more toxic then
the related samples with the BSA coverage (S2Y-BSA, S2Y4b-BSA and S2Y25a-BSA).

To sum up, all the samples adsorb BSA onto their surface, but samples S2Y, S2Y25a,
and S2Y4b show a higher interaction with BSA. According to the literature [79], the BSA
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Figure 3.42: Viability data after the NPs-BSA incubation with human fibroblasts. The data
were acquired after 24 hours.

Figure 3.43: Viability data after the NPs-BSA incubation withhuman fibroblasts. The data were
acquired after 48 hours.

adsorption can have a NPs masking effect towards the cells, leading to a less internalization,
and consequently to a reduced NPs toxicity (figures 3.42 and 3.40). However, as described
above, the BSA adsorption onto the NPs surface can cause an enhanced internalization
by the macrophages, leading to a lower cells viability (figure 3.38). This phenomenon is
shown only for the cells which have BSA receptors on their surface, such as the RAW 264.7
macrophages [78].

In order to test the potential applications of the silica NPs, such as the imaging, fluores-
cent bare and pegylated silica NPs were synthesized (S2Y and S2Y500a). Three different
dyes were used, as described in experimental section: Rhodamine 590, Coumarin 6, and
Ru(bby)3Cl2*6H2O. First the cells viability after the incubation with the fluorescent NPs
was evaluated using RAW 264.7 macrophages and human fibroblast. In figures 3.44 and
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3.45 the cells viability data are shown.

Figure 3.44: Viability data after the fluorescent NPs incubation with RAW 264.7 macrophages.
The data were acquired after 24 hours.

Figure 3.45: Viability data after the fluorescent NPs incubation with RAW 264.7 macrophages.
The data were acquired after 48 hours.

At 24 hours, but also at 48 hours, all the bare fluorescent silica NPs are toxic for the
macrophages, while the pegylated ones are totally biocompatible. The data related to the
human fibroblasts viability after the fluorescent NPs incubation as shown as follows.

In figures 3.46 and 3.47 the toxicity of the bare fluorescent samples is shown, while the
pegylated ones are totally biocompatible, confirming the data obtained in the previous set
of experiments.

The NPs fluorescence was then analyzed using a flow cytometer and the data are shown
in figure 3.48. After testing all the possibile combinations in terms of laser excitation and
filters to be used, the phycoerythrin (PE) channel was choosen for subsequent analyses.
Bare (S2Y) and pegylated (S2Y500a) silica NPs were tested using the same conditions in
terms of sample concentration and excitation laser. As a reference value, non-fluorescent

65



3.2. Biological characterization

Figure 3.46: Viability data after the fluorescent NPs incubation with human fibroblats. The
data were acquired after 24 hours.

Figure 3.47: Viability data after the fluorescent NPs incubation with human fibroblasts. The
data were acquired after 48 hours.

bare silica NPs were also tested.

In figure 3.48 the data related to the NPs fluorescence are shown. The fluorescence of all
the samples is clearly visible related to their control, except for the samples incorporating
Coumarin 6, which cannot be detected by the setting of the instrument used. Admittedly,
the luminescence of the NPs synthesized in the presence of coumarin was hardly observable
under a common UV-lamp. This suggests a rather poor incorporation of the dye in the
silica network of the NPs.
The fluorescence of bare silica NPs incorporating Rhodamine 590 is enhanced of about
20-times with respect to the pegylated one. The reason should be searched in the thick-
ness of the PEG layer around the NPs, which reduce the dye efficiency and the fluores-
cence emission. However, the fluorescence of bare and pegylated samples incorporating
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Figure 3.48: Data related to the NPs fluorescence obtained using the flow cytometer.

Ru(bby)3Cl2*6H2O is almost unchanged. The reason for this behavior is not clear. It is
possible that Rhodamine 590 has tendency to remain in the outer shell of silica NPs or even
adsorbed on their surface. In this view PEG chains might interact or even displace the dye
molecule, leading to a reduced luminescence efficiency. In the case of Ru(bby)3Cl2*6H2O
the metal center imparts a positive charge, which could promote a stronger interaction
with the NPs during their growth. The metal complex could be embedded more homoge-
neously in the silica network, thus preventing the interaction with PEG chains. Further
studies are needed to confirm these hypotheses.

As describe in sections 1.1.1 and 1.2.2, the PEG coverage can influence not only the cells
viability and the proteins adsorption, but also the NPs uptake by the cells. In order to
evaluate the different NPs uptake by the cells, bare and pegylated fluorescent silica NPs
were used. In the light of the results obtained in figure 3.48, only the fluorescent silica
NPs incorporating Rhodamine 590 and Ru(bby)3Cl2*6H2O were used. The uptake was
evaluated after 24 hours from the incubation of the NPs (0.35 mg/ml) with the RAW 264.7
murine macrophages.
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Figure 3.49: Data related to the NPs uptake by the macrophages obtained using the flow cy-
tometer.

Confirming the data obtained in figure 3.48, also after the macrophages uptake, the bare
silica NPs fluorescence is higher than the fluorescence of the pegylated one. The same
phenomenon is shown for both the fluorescent samples. In order to evaluate the change
in fluorescence after the NPs uptake by the macrophages, figures 3.48 and 3.49 were com-
pared and the results as shown as follows (figures 3.50 and 3.51).

As shown in figure 3.50 the bare NPs fluorescence is drammatically reduced after the
macrophages uptake, in great measure for the sample which incorporate the Rhodamine
590. The reason should be searched in the viability test, in which S2Y sample resulted
toxic for the macrophages, leading to an enhanced cells mortality. Actually the flow cy-
tometry analysis can be affected by cells mortality, because the dead cells are not screened
by the instrument, leading to a loss of fluorescence. The same effect, even if less pro-
nounced, is shown for the pegylated NPs, as shown in figure 3.51. The PEG layer around
the NPs not only makes them biocompatible, leading to a reduced cells mortality, but also
reduces the fluorescence. A similar situation is shown for the samples which incorporate
the Ru(bby)3Cl2*6H2O.

To sum up, all the samples were internalized by the macrophages, independently from the
PEG coverage. Specifically, it has been demonstrated that the PEG layer affected the NPs
toxicity and their fluorescence.
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Figure 3.50: Data related to the comparison between the bare NPs fluorescence and the bare
NPs fluorecence after the macrophages uptake.

Figure 3.51: Data related to the comparison between the pegylated NPs fluorescence and the
pegylated NPs fluorecence after the macrophages uptake.
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Chapter 4

Conclusions

4.1 Resume of the work

In this thesis I have demonstrated an easy, reproducible, and economic synthesis protocol
for pegylated Stöber silica NPsm confirming the effective PEG grafting onto the samples
using the one-pot pegylation protocol, leading to the stability of the NPs in water and
PBS. This pegylation protocol allows to obtain both pegylated and bare NPs from the
same reaction batch, leading to the preservation of the NPs features, such as the size,
the shape, and the size distribution. Moreover also the presence of different PEG amount
grafted onto the NPs surface can be demonstrated using the TG and IR spectroscopy
analyses.

The samples synthesized, both the bare and the pegylated NPs, have comparable radii, are
easly dispersible, and free from large aggregation phenomenon, as confirmed by the SEM
analyses. The stability of the samples in water is confirmed from DLS and ζ potential
analyses.

According to the biological characterization, the NPs show a good biocompatibility with
all the cell lines used, both tumoral and healthy cells, which confirm the masking effect
of the PEG layer, except for the less pegylated samples and the bare ones, which show
a higher toxicity against the same cell lines. Moreover, the PEG layer also limits the
proteins absorption, such as the BSA, the most abundant protein in the human body, and
the human serum proteins. In those cases in which the PEG coverage of the NPs surface
is not sufficient, it can be made more effective using the BSA absorption. Actually, after
the BSA absorption, also the lower pegylated samples show a reduced toxicity against
the cells, except on the machropages cells, which have albumin receptors on their surface,
leading to an enhanced NPs phagocytosis, thus leading to the cells death.

In the light of above, the pegylated silica NPs synthesized seem to be a good support
to be used in the biological field, because of their low toxicity and the reduced proteins
absorption, leading to a reduced immune system response against them. Regarding to
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the cancer therapy, the size of the samples synthesized allow the passive entry into the
tumor sites, taking advantage of the EPR effect. Moreover, the stability and the lack of
aggregation, avoid the thrombus formation.

Regarding to the imaging, the fluorescent NPs synthesized preserve the same properties
of the previous synthesis, such as the size, the shape, the narrow distribution, and the
easily dispersibility. However an engineering of the system should be required, choos-
ing a dye which allows to preserve the optical properties. In the light of above, the
Ru(bby)3Cl2*6H2O seems to be the best candidate. In order to confirm this hypothesis,
the incorporation of dyes, which have positive metal centers, into the silica NPs should be
done.

Definitely, the NPs synthesized during my thesis work seem to be good candidates to use
in biological applications, in particular the pegylated ones. Actually the PEG allows to
make the NPs stealth, prevent the proteins absorption on their surface, and consequently
avoid the opsonisation process. Theoretically, the PEG layer onto the NPs should reduce
the cellular uptake by the macrophages, as described in literature. Actually, in this thesis
work the differences between the uptake of the pegylated and bare NPs can not be well
appreciated, because of the higher mortality of the macrophages during the incubation
with bare NPs, which can be resolved using shorter experiment time.

4.2 Future perspectives

A lot of progresses was done in the study of NPs as a support to be used in the biomedical
applications, such as the cancer treatment. In literature the antibody conjugation to the
NPs support is described. In order to improve the features of the NPs in this field, a
pegylation with a different PEGs can be undertaken, such as the PEG-diamine, which
allow to attach easily the antibody.
Moreover, a biodistribution analysis using an animal model should be considered, in order
to understand which are the more involved organs in the NPs elimination process. Also
the dissolution test in biological fluids and in an animal model might be of interest. Specif-
ically, using the fluorescent NPs incorporating the ruthenium complex, the dissolution can
be followed by the ICP-MS, both in the biological media and in an animal model.

In order to use this silica supports in molecular imaging, the incorporation of QDs, which
have absorption and emission in the therapeutic window, might be of interest.
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Chapter 5

Appendix

5.1 Appendix A - Techniques of analysis

5.1.1 Thermogravimetry

Thermogravimetric analysis (TGA) is a method of analysis in which changes in physical
and chemical properties of the materials are measured as a function of the temperature.
TG analysis provides some information about physical and chemical phenomena, like va-
porization, adsorption, desorption, dehydration, decomposition, oxidation and reduction.

Figure 5.1: Scheme of a TG instrument for performing TG analyses.
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Common applications of TGA are: analysis of the decomposition patterns, degradation
mechanisms, kinetics, and determination of organic and inorganic content in the sample.
This technique is well suited for the study of polymeric materials, like PEG. A TG analysis
has three fundamental parameters: temperature, mass change, and temperature change. In
order to obtain high degree of precision, an analitic balance and a programmable furnace,
in terms of constant heating rate or constant mass loss with time, are required. Sample
and reference sample are placed in a furnace, equipped with a thermocouple to monitor
the temperature, and the atmospehere may be purged with nitrogen in order to prevent
undesired reactions. While the temperature increases, the mass change is continuously
mesaured. Results will be plotted with temperature on the X-axis and mass loss on the
Y-axis. A scheme of TG instrument is shown in figure 5.1.

5.1.2 Infrared spectroscopy

Infrared spectroscopy technique is based on the specific absorption of the light, depending
of the structure of the analyzed molecule. Infrared spectroscopy works in the infrared
region of the spectrum and used low frequency ligth, whose wavelength is longer than the
visible light. The infrared region can be divided in three parts: near (from 14 000 cm−1 to
4000 cm−1), mid (from 4000 cm−1 to 400 cm−1) and far (from 400 cm−1 to 10 cm−1). The
absorption of an infrared photon by a molecule leads to a transition from the vibrational
ground state to the vibrational excited state. A linear molecule has 3N-5 vibrational
modes, while a nonlinear molecule has 3N-6. The vibrational modes include changing of
the bond angle (bending δ) and stretching of the chemical bond (stretching ν), as the most
common. Moreover, changing of the angle between a group of atoms (rocking ρ), changing
of the angle between the plane of a group of atoms (wagging ω), and changing of the angle
between the planes of two groups of atoms (twisting τ) are characteristic IR vibrational
modes as well. An IR spectrophotometer is composed of a light source, a monochromator
that selects a specific wavelength, and a detector. Among the number of possible analysis
configurations which are used, solid samples can be analyzed in the diffuse reflectance (DR)
configuration: few milligrams of the sample are grounded with potassium bromide (KBr)
and placed in the sample holder. An interferometer is used to record the spectrum (in-
terferogram) which is in turn transformed via a Fourier transform in the final spectrum.
This kind of analysis is known as Diffuse Reflectance Infrared Fourier Transform (DRIFT).
Results will be plotted with wavelength on the X-axis and transmittance on the Y-axis.
A scheme of Infrared spectroscopy (IR) instrument is shown in figure 5.2.

5.1.3 Scanning electron microscopy

SEM is a type of electron microscope that scans a sample, in a rectangular pattern, by
a focused beam of electrons. When the electrons interact with the sample, they produce
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Figure 5.2: Scheme of a IR instrument for performing IR spectroscopy analyses.

various signals that will be different, depending on the composition and topography of
the material. A SEM can produce different types of signals: back-scattered electrons, sec-
ondary electrons, X-rays and cathodoluminescence. The back-scattered electrons (BSE)
are produced from the primary beam, by elastic interaction with the nuclei of the sample,
so the signal will be proportional to the atomic number of the material. The secondary
electrons (SE) are produced by the interactions between the valence electrons of the sample
and the high energy electrons. They have an energy of about 50 eV, while the BSE have
energies up to 50 keV. The SE belong to the surface of the material analyzed, which allow
topographic measuraments, while the BSE, belonging to the deeper layers, are used for the
compositional analyses. X-rays are used to understand the composition of the materials
and measure the amount of the elements inside them, while the cathodoluminescence is
the light emitted by the samples following the excitation by the electrons. A SEM reveals
details of about 1 nm in size and because of the narrow beam, has a large depth of field.
An electron microscope allows magnification 250 times higher than a light microscope and
samples can be observed at different temperatures in wet conditions, high and low vacuum.
A scheme of a SEM is shown in figure 5.3.
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Figure 5.3: Scheme of a SEM for performing microscopy analyses.

5.1.4 Dynamic light scattering

DLS is a technique of physical characterization that is used to measure the hydrodinamic
radius of the particles in solution. When the NPs are smaller than the wavelength used,
the light is scattered elastically, a situation referred to as a Rayleigh scattering. The light
intensity variation are produced by the Brownian motion, in which the smaller NPs move
faster, while bigger ones are slower. This determines higher frequency of oscillations in the
recorded scattered signal, while lower frequencies are observed in the signal from bigger
NPs suspensions. The interpretation of these signals gives a correlation function which in
turn gives the dimension of the NPs in the system.
During a DLS analysis, the PDI is really important, because it defines the uniformity of
the size and distribution of the NPs. Values of PDI smaller than 0.4 are acceptable, while
higher values reveal the presence of aggregates. Results are plotted with mean radius (nm)
on the X-axis and the number of NPs on the Y-axis. Also the zeta potential can be evalu-
ated, using a DLS instrument. ζ potential is measured at the “slipping plane”: the interface
between the charged surface of the particle and the media in which it is dispersed. It also
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gives a measure about the colloidal stability of the particles and the repulsion between
them. Interpretation of the values ofζ potential are shown in table 5.1. A DLS instrument
is composed of a laser beam and a detector that received the scattered light, as shown in
figure 5.4.

Zeta potential Stability
(mV)

from 0 to ±5 rapid flocculation
from ±10 to ±30 high instability
from ±30 to ±40 moderate instability
from ±40 to ±60 good stability
higher than ±60 high stability

Table 5.1: Stability of the particles related to their zeta potential (mV).

Figure 5.4: Scheme of a DLS instrument for performing size distribution and zeta potential
analyses.

5.1.5 Small angle X-ray scattering

SAXS is a scattering technique that works in a range of angles between 0.1° and 10° and
allows to obtain information about shape and size of the nanoparticles and pore sizes of
the porous structures. This technique is based on the elastic scattering of the X-rays
that have wavelengths between 0.1 nm and 0.2 nm. A SAXS instrument is composed of
a monochromatic beam of X-rays and a detector that received the scattered X-rays as a
bidimensional pattern (figure 5.5). Samples can be solid or liquid and simple to prepare. A
SAXS analyses allow to study also lamellae and fractal materials and is a non-destructive
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and accurate method of analyses.

Figure 5.5: Scheme of a SAXS instrument for performing size and shape distribution analyses.

5.1.6 UV-visible spectrophotometry

UV-visible spectrophotometry is a technique based on the absorption of electromagnetic
radiation, in a UV and visible range, by a molecule. A spectrophotometer is based on
the Lambert-Beer law that states the absorbance (A) of a solution is proportional to its
concentration and to the path length of the cuvette used :

A = ελ × l ×M (5.1)

where ελ is the molar extinction coefficient, l the path length and M the molarity of the
solution.
In a typical spectrophotometer there is a light source, a monochromator that choose the
correct wavelength, a cuvette in which is contained the solution, a detector and a data anal-
yses system, as shown in figure 5.6. A typical absorption spectrum shows the absorption
versus the selected wavelength.

5.1.7 Flow cytometry

Flow cytometry is a laser-based techique that allows a real time cell sorting and cell
counting. A flow cytometer is able to count thousand of cell every second and is composed
of four different components:

• A liquid stream in which are dispersed the cell;

• A measuring and converting system;

• A computer;

• An amplification system.
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Figure 5.6: Scheme of a UV-visible spectrophotometer for performing absorption analyses.

Samples must have sizes between 0.2 µm and 14 µm and are labelled with a fluorescent
dye, and excited by a laser. The emitted wavelengths are measured in order to obtain
information about the type and the amount of the analyzed cells. Light signals are than
converted into electronic signals by a converting system, ad subsequently to digital data.
A scheme of a flow cytometer is shown in figure 5.7.

Figure 5.7: Scheme of a flow cytometer for performing cell sorting and counting analyses.
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5.1.8 Gel electrophoresis

In order to analyse the macromolecules, such as ribonucleic acid (RNA), DNA and pro-
teins, gel electrophoresis technique is used, which allows to separate them into different
fragments. This separation is based upon the size and the charge of the macromolecules.
There are two different type of gel: agarose and polyacrylamide. The first one is well
suited to separate fragments between 0.2 Kb and 20 Kb, while the second better separate
smaller fragments (< 1 Kb). Specifically, the electrophoresis gel techique allows to separate
fragments which differ in only one base, leading to a higher resolution. A characteristic
polyacrylamide gel is composed of acrylamide and bis-acrylamide (29:1), and contains
urea, which establishes denaturating conditions. The molar ratio between acylamide and
bis-acrylamide determines the size of the gel pores. Applying an electrical field, the macro-
molecules can move through the gel, leading to a migration of the fragments, which are
negatively charged, towards the cathode (positively charged). In order to allow the frag-
ments separation, the gel is placed into an electrophoresis chamber, in which an electrical
field is applied. The heavier macromolecules move slowly than the lighter ones, leading to
a separation based upon the molecular weight.

In order to analyse the proteins, a denaturating agent, the SDS is used, leading to the
proteins linearization and the formation of a negative charge. This method, used in the
previous analyses, is called SDS-PAGE (poly-acrylamide gel electrophoresis). In figure 5.8
is shown how a SDS-PAGE works.

Figure 5.8: Representative scheme of a typical SDS-PAGE analysis.
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