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General introduction 

During the recent years the use of nanoparticles in medical applications has been largely devel-

oped. For example, the nanoparticles are now commonly used in personal care products for 

skin, in food industries, in medical imaging, biomarkers detection or for drug delivery. Gold 

nanoparticles have especially attracted enormous scientific and technological interests for their 

unique optical properties, their ease to be synthesized or functionalized and their chemical sta-

bilities. 

The latest studies (drug delivery, diagnostics, biosensing, bio-imaging, theragnostic, and haz-

ardous chemical sensing) [1] make gold nanoparticles one of the best candidates for biomedical 

applications such as targeted drug vector in the treatment of cancer, in biological detection or 

in biological imaging. However, knowledge on their possible toxicity and their impact on health 

is an essential element to be investigated before their application to humans. Thus, It is im-

portant to study their potential toxicity and biodistribution in animal model. Many studies show 

that when nanoparticles come into contact with a biological fluid, their surface is covered by 

macromolecules forming a ‘corona’. Two consequences are resulting from such interaction: on 

one hand the nanoparticles may acquire new chemical and surface properties allowing them to 

interact more easily with biological objects as cells; on the other hand the conformation of 

adsorbed macromolecules may be altered leading to a loss of biological activity. In this context 

the study of the interaction between nanoparticles and biomolecules as well as the interaction 

between a bioreceptor grafted at the nanoparticle surface and a biomolecule is essential to un-

derstand the mechanism for the future biomedical applications in the drug delivery, the disease 

therapy or the analyte detection. 

 

The aim of this thesis is to design and optimize a new hybrid nanoparticle which provides a 

good stability and could be used in several biomedical applications and providing highly sen-

sitive detection of biomarkers and high therapeutic effects to target specifically the cancer cells. 

To do so, I have used a new method of synthesis exploiting the complexation of gold salts. This 

method allows not only the grafting of specific receptors at the nanoparticle surface but also 

the inclusion of therapeutic agents. This specific particle was tested first for the detection of 

Galectin-1 protein (a cancer biomarker) and of the glucose as well as for the treatment of the 

liver cancer in mice model. Moreover, since gold nanoparticles could interact with different 

biomolecules during their transport in the body, I also performed a study on the behavior of 

gold nanoparticles when they interact with a specific protein using spectroscopic methods.  

A first bibliographical chapter describes the general information on nanoparticles: the different 

methods of synthesis and of surface functionalization as well as their physical chemical prop-

erties. Subsequently, I report on their main applications in the health fields, in particular for the 

biomarker’s detection, for the nanovectorization and on their interaction with the biological 

environments. 

A second chapter is devoted to the development of two gold nanoparticles for biomolecules 

detection. First part is gold polyethylene glycol and chitosan lactose modified nanoparticles for 

the Galectin-1 biomarker detection. Evidence suggests that galectin plays a considerable part 

in processes linked to tumorigenesis [2, 3], including transformation to a malignant form, and 

increased invasive properties of tumor cells. That is the reason why we selected it as detection 

target. Second part focuses on the Galectin-1 protein functionalized gold nanoparticles for the 

Glucose detection as galectins are a class of proteins that bind specifically to β-galactoside 
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sugars, such as N-acetyl lactosamine (Galβ1-3GlcNAc or Galβ1-4GlcNAc). That is the reason 

why we selected this protein to specifically detect glucose for cancer diagnosis. 

A third chapter presents of a second nanovector with Doxorubicin which is used as an anti-

cancer agent. The synthesis of this nanovector is done through the complexation of the gold salt 

with the doxorubicin molecules in the presence of chitlac (CTL) and polyethylene glycol 

(PEG). After having characterized the physico-chemical properties of the nanovectors, full in 

vivo experiments have been carried out for a series of biological analysis on nude mice. The 

efficiency of tumor reduction was evaluated and the biodistribution of nanovectors and its in-

fluence of the immune system were analyzed. 

A fourth chapter presents the study of the interaction between a bioreceptor (an aptamer) grafted 

at the surface of a gold nanoparticle and its analyte (the MnSOD protein) depending on the 

analyte concentrations. For such study, we use scattering correlation spectroscopy to observe 

the nanoparticles in the presence of the analyte. This technique allows the determination of 

fundamental properties such as the binding constant of proteins with the aptamer, the thickness 

of the protein layer and the conformation of the protein during its adsorption on the nanoparti-

cles. Additionally, we performed real time SERS measurements to observe the dynamic of the 

MnSOD/aptamer interaction. 

To conclude this PhD thesis, the mains results will be summarized and some outlook will 

be introduced. 
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Chapter 1  

Nanoparticles synthesis and applications in the 

health fields  

 

Nanotechnology is a very wide and important interdisciplinary field which mainly focuses on 

the synthesis, the functionalization, the characterization, and the exploitation of nanostructured 

materials. The main characteristic of such materials is their size in the nanometer range, which 

constitutes a bridge between molecules and macroscopic systems. 

Nanotechnology now includes nanobiology [4], nanoelectronics [5], nanomaterials [6-8], na-

nochemistry [9,10] and other disciplines. Since the microtechnology development, the human 

beings are getting deeper and deeper from the micro world down to the nanoscale and the level 

of understanding of the nano-objects has increased to an unprecedented level. The nanostruc-

tures are a key point for the next stage of scientific and technological developments. It will be 

a technological breakthrough, which could induce a new industrial revolution in the 21st cen-

tury. 

However, the nanomedicine, one of the nanotechnology fields, is still in its development stage 

and is a hot topic. This field consists in the application of nanotechnology concepts and tech-

niques in the biomedical and pharmaceutical fields. Nowadays it is still growing constantly and 

it seeks to deliver a valuable set of research tools and clinical devices in the near future [11,12]. 

The nanoparticles can be selectively accumulated in specific cells or structures. But the strong 

permeability of nanoparticles not only provides effectiveness for the use of drugs, but also poses 

a potential threat to human health as nanoparticles with their small sizes can penetrate into cells 

and spread along the nerve cell synapses, blood vessels or lymphatic vessels. 

This chapter is divided in two parts. The first part will be devoted to a bibliographic study on 

the different synthesis methods of gold nanoparticles, on their physical and chemical properties 

as well as on their surface functionalization. The second part will focus more specifically on 

their applications in the health fields. 

1.1 Nanoparticles  

Nanoparticles are defined as particles with a size in the range of 10-1000nm. They can have 

amorphous or crystalline atomic structure and their surfaces can act as carriers of biomolecules 

as proteins, DNA, Peptides, etc. To some degree, nanoparticles should be considered as a dis-

tinct state of the matter, in addition to the solid, liquid, gaseous, and plasma states, due to its 

distinct properties (large surface area and quantum size effects). For example, fullerene and 

carbon nanotubes are materials that form nanostructures in crystalline form, while graphite and 

diamond represent the carbon solid form. Many experiments choose the upper limit size of 

nanomaterials between 50 nm and 100 nm. The choice can be justified by the fact that some 

physical properties of nanoparticles converge on those of bulk when their size reaches these 

values. However, this size threshold varies with material type and cannot be the basis for such 

a classification. A legitimate definition extends this upper size limit to 1 micron, the sub-micron 

range being classified as nano. The recent advance in characterization tools and science (syn-

thesis, understanding of physical phenomena) enabled the emergence of nanoscience and 
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nanotechnology. Nanoscience is the study of phenomena and material properties at the na-

noscale, while nanotechnology is the application of the knowledge to create, produce and use 

materials exploiting nano-phenomenon. The differences between nanomaterials and “macro” 

materials can be explained by two parameters: surface effects and quantum effects. Surface 

effect is due to the very large surface area of nanomaterials. For instance, the chemical reactivity 

increases when the particle size decreases. Quantum effect is due to the delocalization of elec-

trons on the surface and to their confinement in limited size. These factors give unique proper-

ties to nanomaterials, such as chemical property (surface reactivity, catalysis ...) and physical 

property (electric, electronic, thermal and optical). 

In the following of this chapter, I will focus on gold nanoparticles. 

1.1.1 Gold nanoparticles 

Gold nanoparticles have in fact been used for a very long time. Indeed, gold nanoparticles 

would have been already produced in colloidal solutions around the 4th century BC in Egypt 

and China, for artistic purposes, notably in the famous cup of Lycurgus which dates from Ro-

man Empire [13, 15]. The presence of gold nanoparticles in the glass of this cup gives special 

optical properties to it. When the cup is illuminated from the outside (reflected light), the glass 

appears green (Figure 1.1) while when it is illuminated from the inside (transmitted light), the 

glass appears red (Figure 1.1). This is due to the optical properties of the nanomaterials (mainly 

silver and gold nanoparticles) present within this cup, which by interacting with light will ab-

sorb and scatter the light.  

Figure 1.1 Cup of Lycurgus 

The, "soluble" gold was also used for healing purposes. This "soluble" gold intended for the 

treatment of certain diseases (melancholy, venereal disease or heart disease) was used until the 

Middle Ages [16, 17]. Currently we can still find gold colloidal solutions to treat rheumatoid 

arthritis [18], anxiety or the presence of gold nanoparticles in creams is used for anti-aging 

effects [18]. However, the beginning of gold colloid chemistry dates from the mid-19th century 

when Michael Faraday [17] synthesized gold nanoparticles by reducing tetrachloroaurate by 

white phosphorus in the presence of carbon disulphide (CS2). At the beginning of the 20th 

century, Wilhelm Ostwald [17] will contribute to the development of the science of gold col-

loids. He was the first one to demonstrate that metallic nanoparticles have different properties 

from bulk materials and deduce that these properties are mainly determined by surface atoms 

as they have a low coordination number compared to core atoms and are therefore more mobile. 
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1.1.2 Synthesis of gold nanoparticles 

There are several ways to synthesize gold nanoparticles. The most commonly used protocols 

are often categorized into two types of methods: 

 

1) The top-down methods using physical–chemical processes that degrade a bulk material into 

smaller pieces, achieving the nanometric scale 

 

2) The bottom-up methods that are the most used for nanomaterial synthesis. The synthesis of 

nanoparticles starts from smaller precursors, such as metallic salts or molecular seeds and forms 

nanostructures [19, 20]. Figure 1.2 shows the two common ways for the synthesis of nanopar-

ticles. 

 
Figure 1.2 Top-down and bottom-up approaches for the synthesis of nanoparticles [20].  

 

a) Synthesis of nanoparticles by "top-down" approach 
 

Starting from a bulk material, it consists in transforming it into small particles of nanometric 

size. In this case, nanoparticles are mainly made by downsizing fragments of metals or metal 

oxides. As examples, one can cite: 

 

1)Mechanosynthesis 

 

Mechanosynthesis is a process of powder metallurgy. As the name suggests, it involves me-

chanical energy to reduce the grain size of the material. It is a process of grinding metal powders 

in order to reduce the size of the particles. This method cannot control the size and morphology 

of the particles because the structures are gradually fractionated until particles of nanometric 

sizes are obtained. The particles obtained by this method have a size of between 0.5 and 10 

microns. This technique is very sophisticated and time consuming. Moreover, its efficiency and 

yield are not high [21]. 

 
 2)Lithography 

 

Lithography involves a nanometer mask made in a layer of polymer resin deposited on the 

surface of a substrate. The resin is subsequently exposed to radiation (UV, X, etc.) or to a beam 

of charged particles (electrons, ions). Unlike previous methods, lithography makes it easier to 

control the morphology and organization of nano-objects on a surface. Although this approach 

allows precise control of the size, shape and position of the structures, the quality of the na-

noscale structures produced is not always optimal because of the (crystalline) defects generated 

during the development. In addition, the processing time is long and the major drawbacks are 
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its cost, low throughput and its resolution limit, due in particular to diffraction problems linked 

to the wavelength of the ray used (X or UV or e beam) [22,23]. 

 

 

b) Synthesis of nanoparticles by "Bottom-up" approach 
 
Unlike the top-down approach, this approach makes it possible to obtain nanoparticles by nu-

cleation and growth processes from a single atom or from atomic clusters. It involves the use 

of physico-chemical phenomena at the atomic and molecular scale to chemically transform a 

precursor into metallic particles. The assembly and positioning of atoms, molecules or particles 

allows the formation of simple or elaborate nanostructures. In general, in the "bottom-up" ap-

proach, there are two categories of reactions: reduction and decomposition reactions. These two 

reactions can take place in the gas, liquid or solid phase. 

The chemical transformation routes grouped together under the name of “colloid chemistry” 

are particularly rich both in terms of the large number of compounds which have been able to 

be synthesized and in the flexibility of the processes making it possible to vary a large number 

of parameters. Since no general trend emerges from these methods, it is therefore important to 

determine the best synthesis method as well as the most suitable stabilizer for the intended 

application. 

 

The physical synthesis for bottom-up method is based on homogeneous nucleation of supersat-

urated vapors followed by particle growth by condensation. Thus, depending on the chemical 

nature of the material, saturated vapors can be generated in various ways. The supersaturation 

can be carried out by cooling or by chemical reaction or by a combination of these two methods. 

Supersaturated vapors can grow homogeneously in the gas phase or heterogeneously on contact 

with the surface. Physical methods offer a greater variety of host matrices and the ability to 

more easily control the size, shape and local environment of the nanoparticles. However, they 

require heavier equipment and most of the time only allow the synthesis of materials in the 

form of thin films. The physical synthesis of nanoparticles can be initiated from solid, liquid or 

gaseous precursors [23]. 

 

1)Chemical (colloidal) nanoparticle production processes 

 

Gold nanoparticles, maybe the most common class of nanoparticles, are generally synthesized 

by the reduction of gold salts, resulting in nucleation and growth of metallic particles in solu-

tion. Aqueous synthesis is nowadays commonly carried out by the citrate-reduction route that 

yields gold nanoparticles with a narrow and monomodal size distribution. The average particle 

diameter can be controlled on a size range between 2 and 200 nm through the stoichiometry of 

the reagents, i.e. precursor salt and reduction agent. The particles can be stabilized by citrate 

ions bound to the surface of the nanoparticles, resulting in negatively charged particles that 

repel each other by electrostatic repulsion. These are the oldest methods used for the preparation 

of nanoscale dispersions in matrices. The first use of the colloidal method dates back to Faraday, 

who prepared colloids of Au in 1857 [17]. Colloidal methods allow the preparation of large 

quantities of products and are suitable for the production of nanoparticles. These methods are 

based on fairly simple principles although it remains difficult to control certain reactions uni-

formly. They have the advantage of being relatively inexpensive and requiring less energy than 

other nanoparticle synthesis processes. They are also the easiest to use and are the basis of much 

of the production of nanomaterials. Among them, we distinguish in general two main routes for 

the gold nanoparticle synthesis:  
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Reductions by different ways: chemical reactions, electrochemistry, sonochemistry, photo-

chemistry 

Sol–gel chemistry and thermal decomposition of metal compounds in aqueous or organic media 

in the presence of surfactants (ligands or polymers). 

Chemical reduction remains by far the most widely used method for the synthesis of nanopar-

ticles. The metal nanoparticles are obtained here in a liquid medium. It can be carried out in 

aqueous or organic phase and the main reagents are as follows: 

 

Metal salt + Reducing agent + Surfactant + Solvent  
 

In this diagram, the salt is the precursor containing the metal. The solvent can be aqueous or 

organic (polyol, toluene for example) and must be polar, as it must have a dipole moment high 

enough to be able to break the bonds of the salt and dissolve it. The reducing agent is chosen to 

reduce the dissolved metal species that precipitate into metal particles. The surfactant acts as a 

protective agent of the metal particles by being adsorbed at the particle surface and thus pre-

venting them from clumping together. The morphology as well as the size distribution of the 

nanoparticles are controlled by parameters such as the reduction kinetics and the nature of the 

surfactant. 

 

 2)Commun example of chemical reduction 

 

Reduction by citrate 

 

The best known method is the reduction of a gold salt by sodium citrate in aqueous solution. A 

century after the Faraday's synthesis, it was first developed in 1951 by Turkevich et al [24]. It 

allows the production of spherical nanoparticles through the reduction of tetrachloroauric acid 

(HAuCl4) by citrate (figure 1.3). The beauty of this method lies in its simplicity and in the fact 

that it makes it possible to obtain stable and monodisperse colloids of gold by in situ reduction 

of gold salts in aqueous solution at a room temperature. In this synthesis, citrate acts as a redu-

cing agent and as a surfactant because it prevents the particle aggregation by charging the par-

ticle surface. Further work on the synthesis of gold nanoparticles resulting from the reduction 

of gold salt by citrate has been carried out by Frens [25]. Thus in 1973, he showed that it was 

possible to control the average particle size by varying the ratio "concentration of gold salt" to 

"concentration of citrate" ([HAuCl4] / [citrate]). Thus, by reducing the amount of citrate used 

in the synthesis, we reduce the amount of citrate ions necessary for the stabilization of the par-

ticles causing the aggregation of small particles into large particles until the surface becomes 

large enough to be covered by existing citrate ions. 
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Figure1.3 Mechanism of Citrate reduction and growth of AuNPs  

 

 Reduction by borohydrides 

 

Another synthesis which has revolutionized the world of colloidal gold nanoparticle chemistry 

is the synthesis of Brust and Schiffrin who, in 1994, allows the synthesis of gold nanoparticles 

of small size and controllable diameter [14] (Figure 1.4). This synthesis occurs in an organic 

solvent and consists of reducing tetrachloroauric acid with sodium tetrahydroborate, which is a 

strong reducing agent, in the presence of thiolated organic molecules. The latters will play the 

role of stabilizing agent by forming a protective layer around the nanoparticles, and avoid, or 

control, their aggregation. This synthesis has enabled the synthesis of gold nanoparticles sur-

rounded by biocompatible polymers, such as thiolated polyethylene glycol (PEG), widely used 

in the biomedical fields. 

Figure 1.4 The Borohydrides Reduction  

 

3) Synthesis of colloidal nanoparticles using biomolecules 

These new ways of making gold nanoparticles are based on the use of the biological or chemical 

activities of biomolecules. In this case, the mechanism is similar to that of chemical synthesis. 

The only difference being that the reducing agents used are biomolecules such as enzymes [26], 

or natural metabolites present in plants [27], etc. This approach eliminates the use of harmful 

chemical as certain surfactants and stabilizers. This approach, which is known as green chem-

istry, is therefore a biocompatible and safer approach. 
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4)Stabilization against aggregation  

The molecules bound at the nanoparticle surface not only control the growth of the particles 

during synthesis, but also prevent their aggregation. These surface molecules induce electro-

static repulsion or the formation of hydration layer on the surface and as a consequence repul-

sive forces between particles. Depending on the particle system, the core material and the sol-

vent in which the particles are dispersed, the choice of the relevant stabilizer might produce 

very stable particles. First the molecules have to be bound to the particle by some attractive 

interactions (chemisorption, electrostatic attraction or hydrophobic interaction, most commonly 

provided by a head group of the molecule). Various chemical functional groups possess a cer-

tain affinity to inorganic surfaces. The most famous example is the thiol group that has a strong 

affinity for the gold. In many cases, this principle is already exploited during the synthesis. 

Polar or charged molecules provide solubility in polar or aqueous solvents while nanoparticles 

with apolar stabilizers such as hydrocarbon chains are only soluble in apolar organic solvents 

(hexane, toluene or chloroform). 

1.1.3 Physico-chemical properties of gold nanoparticles 

Nanoparticles synthesized by the reduction of gold in aqueous phase tend to have quasi-spher-

ical morphologies as this shape presents the smallest surface area compared to other morphol-

ogies. Typically, the suspension of spherical gold nanoparticles presents a ruby red color due 

to the scattering of light by the nanomaterial, but the increase in size, as well as a change in the 

environment surrounding the nanoparticles, may modify the optical properties of the colloid 

[28,29]. 

a) Physical properties of Gold Nanoparticles 
 

Gold nanoparticles with a diameter of a few to few tens of nanometers, whose basic units are 

small sized particles, have many physical characteristics that macroparticles do not have, such 

as optical effects, small size effects, surface effects, quantum effects or dielectric limits effect. 

These properties make gold nanoparticles widely used in materials, clinical medicine, food 

field, chemistry, ceramics, dyes and other fields 

 

1)Optical properties 

 

When an electromagnetic wave interacts with a metal, the free electrons in the conduction band 

can be excited. This interaction causes the collective oscillation of free electrons at a frequency 

imposed by the incident field. This oscillation is called plasmon and its oscillation resonance 

depends on the particle size and shape, the metal nature and the surrounding environment. Fig-

ure 1.5 shows the oscillation of plasmon and local enhancement. Gold nanoparticles can then 

selectively absorb and scatter the light. For nanoparticles smaller than 20 nm, the absorption is 

the main part, and the scattering only accounts for a small part. [30] The scattering increases 

for larger nanoparticles and provides the main contribution to the light interaction for nanopar-

ticles larger than 50 nm. Because of plasmon, the optical properties of metallic nanoparticles 

have aroused considerable interest since the observation of an enhanced Raman scattering sig-

nal (SERS) from individual molecules adsorbed on the surface of nanoparticles [31-33]. From 

a fundamental point of view, the optical response of nano-objects provides access to their geo-

metrical characteristics and therefore constitutes a powerful tool to analyze their properties. The 

specific optical properties of metal nanoparticles are a consequence of the appearance of surface 

plasmon resonance in their absorption spectrum. For gold, it is in the visible range of the 
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spectrum. Its characteristics, position and spectral widths, sensitivity to the polarization of light, 

depend both on the intrinsic properties of nanoparticles (composition, structure, size, shape) 

and on their local environment. Linear absorption or scattering spectroscopy thus provides in-

formation on nanoparticles under different environmental conditions. Furthermore, the optical 

response of a metal is directly related to the properties of electrons and the lattice via its dielec-

tric constant. A modification of the electronic distribution therefore results in that of the optical 

properties. 

 

 
 

Figure 1.5 the oscillation of plasmon and local enhancement [31]. 

 

The size and the shape of gold nanoparticles have a strong influence on the surface plasmon 

resonance. [34] As the size of the particles increases, the plasmon resonance of the particle is 

shifted to longer wavelength. The resonance is located at a wavelength around 520nm for the 

smaller nanoparticles and can be shifted through the whole visible and even in the IR range for 

larger nanoparticles. By complementary color principle, gold colloidal solutions show colors 

ranging from red to blue (Figure 1.6), simply by changing the particle size. Similar behavior is 

also observable for elongated nanoparticle as nanorods. The colors changing could be used for 

colorimetry fast detection of different biomarkers. 

 

 
 

Figure1.6 The color change of nanoparticles induced by theirs size [34]  

 

 

2)Surface effect 

 

Due to the small size of the gold nanoparticles, the number of atoms at their surface is propor-

tionally much higher than the number of atoms at the surface of bulk particles. The proportion 
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of surface atoms compared to the total number of atoms increases when the particle size de-

creases inducing a consequent modification of the surface energy and the surface binding en-

ergy. The various effects resulting from this are collectively referred to the surface effect. When 

the diameter of the gold nanoparticles reduced from 100 nm to 1 nm, the percentage of the 

atoms on the surface increase from 20% up to 99%. [32] In this latter case, the atoms are almost 

completely concentrated on the surface of the gold nanoparticles. Due to the vacancy effect of 

the surface, the surrounding is lacking adjacent atoms show insufficient atomic coordination, 

and the high surface energy makes the surface atoms have high reactivity and are extremely 

unstable. 

 

b) Chemical properties of gold nanoparticles 

 
Gold is a heavy metal and one of the most chemically stable elements. Gold nanoparticle has 

surface electronic states on some specific interfaces, and its Fermi energy level is located ex-

actly in the forbidden band of the band structure along the crystal direction, forming a two-

dimensional electron cloud. Thus, this one can only move parallel to the surface direction re-

sulting with specific chemical properties. (surface properties, catalytic activity etc.) Gold nano-

particles have excellent biocompatibility and are harmless inside the human body, so the appli-

cations in the medical field are very large. 

 

1)Fluorescence characteristics 

 

When gold nanoparticles are coated with polyoctylphenylthiol group, pyrene group or other 

detection groups, all the groups can become fluorescent. The fluorescent gold nanoparticles 

have good application prospects in biophotonics and materials sciences. 

 

2)Electrochemical characteristics 

 

When cyclic voltammetry, differential pulse voltammetry and chronoamperometry were used 

to analyze the gold nanoparticles wrapped in the alkylthiol monolayer, it was found that there 

was an electric double layer capacitance on the surface of the gold nanoparticles, which is 

equivalent to a nanometer scale electrode, and the capacitance value increases with the decrease 

of the length of the alkyl chain of the coated particles. When the size of the gold nanoparticles 

decreases to a certain extent, the electrostatic attraction energy is bigger than the energy of 

thermal motion. [35] The stable ligand protecting the gold nanoparticles can produce a single 

electron transfer between the electrode and the probe, making it have a unique electrochemical 

redox activity, causing the electric double layer on the surface of the gold nanoparticles to be 

charged and discharged. 

 

1.1.4 Bio-application of gold nanoparticles 
 

As Gold nanoparticles have good stability, excellent conductivity, small size effect, specific 

optical properties (in particular plasmonic properties), surface effect and various catalytic char-

acteristics, gold nanoparticles are now used in different applications, and more especially in the 

medical field. Since Au nanoparticles are biocompatible, they accept very easily on their surface 

a wide range of biological molecules such as amino acids, proteins, enzymes and DNA. Such 

biological molecules can be linked to nanoparticles in different ways: through functional groups 

(thiols, amines) to be directly bind to the surface or through bio-conjugate chemistry, forming 

new functional hybrid nanoparticles. The bound biomolecules can then be used in vitro or in 
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vivo for biomedical applications: such as biosensors for disease diagnosis, nanovectors for the 

disease treatment (drug delivery [36] or gene therapy [37]), targeted imaging contrast agents or 

photothermal therapy which is non-invasive and very effective method. However, although be-

ing biocompatible and used as therapeutic agents, there are still many uncertainties about their 

possible toxicity. Studies have shown that the toxicity of gold nanoparticles comes from their 

surface chemistry, shape and size, and need more investigations in the future. 

 
a) Particle Functionalization  

Chemical functional groups stabilizing the nanoparticles against aggregation can simply consist 

of an inert molecular chain (hydrocarbon chain or polyethylene glycol) or of functional groups 

which are in most cases linear molecules. In the case of water-soluble nanoparticles, these func-

tional groups are often carboxylic acids stabilizing the nanoparticles by electrostatic repulsion. 

They can be exploited for the conjugation of other molecules to the particles. In the following 

of this chapter, I will focus on polyethylene glycol as a very important functional group  

1)Poly (ethylene glycol)  

Polyethylene glycol (PEG), is a linear polymer consisting of repeated units of CH2-CH2-O. 

Depending on the molecular weight the same molecular structure is also termed poly (ethylene 

oxide) or polyoxyethylene, PEO or POE, respectively. The polymer is well soluble in a number 

of organic polar and apolar solvents. In water the PEG is heavily hydrated, forming random 

coils with diameters much larger than proteins of comparable molecular weight. Due to its sim-

ple structure and chemical stability, it is a prototype of an inert and biocompatible polymer. 

The inertness and nontoxic properties of PEG give rise to a number of applications in medicine, 

chemistry or biotechnology: PEG is used for nonionic surfactants and as additive in cosmetics, 

pharmaceuticals and food. When bound to surfaces [38], PEG repels other molecules by steric 

effects. The incoming molecules are not attracted by electrostatic force and cannot penetrate 

the hydrated PEG layer. This results in inert hydrophilic surfaces with less “stickyness”. PEG-

modified proteins [39] or drugs show increased water solubility and decreased immunogenicity 

in organisms as the antibodies bind much less to the drug or protein, resulting in an increased 

half-life in the blood stream. PEG-modified nanoparticles are more stable at high salt concen-

trations and in biological environments. They show less nonspecific binding to proteins and 

cells. [40-46] The modification of other molecules with PEG is often called “PEGylation”. For 

proteins, PEG is coupled to some amino acids, most commonly lysine and cysteine. 

2)Biomolecules  

Bioconjugation of colloidal nanoparticles is the “natural” extension of the described concepts 

of chemical functionalization with biomolecules. Nature offers a large variety of organic mol-

ecules of different composition, size and complexity that serve to provide structure and function 

to biological process and organisms. Examples include on the one hand small molecules like 

lipids, vitamins, peptides, sugars and larger ones such as natural polymers including proteins, 

enzymes, DNA and RNA. Conjugation of inorganic nanoparticles to biomolecules generates 

hybrid materials that can be used to let the nanoparticles interact specifically with biological 

systems. On the other hand, biomolecules can be seen as ordinary, though sometimes complex, 

molecules or polymers that can be exploited for the functionalization or spatial assembly of 

nanoparticles. Nanoparticle-biomolecule conjugates bring together the unique properties and 

functionality of both materials and more specifically the ability of biomolecules for highly spe-

cific binding by molecular recognition.  



 23 

3) Polysaccharides 

Among the wide number of polysaccharides available as potential candidates for biopolymer 

engineering, glycosaminoglycans (GAGs) belonging to the family of b (1–4)-linked linear pol-

ysaccharides, appear among the most promising ones. In particular, chitosan, composed of 2- 

amino-2-deoxy-d-glucose (GlcNH2) residues with a variable number of randomly located N-

acetyl-glucosamine groups (GlcNAc), revealed neither pathological inflammatory response in 

implantation models nor evidence of induced infection or presence of endotoxins and a low, if 

any, incidence on immunological reactions [47]. Recently chitosan and chitosan-based materi-

als have been tested as biomaterials mimicking the cartilage matrix for a potential application 

in the repair of articular cartilage [48, 49]. The most interesting feature of chitosan as bio-

material is related to the presence of amino groups deriving from glucosamine units. The phys-

ico-chemical and biological properties of the polycation can be drastically modified exploiting 

the reactivity of glucosamine residues. Examples include acylation [50, 51], alkylation [52, 53] 

carboxymethylation [54] and quaternarization [55] of chitosan. 

 4)Proteins 

Proteins are made up by a sequence of 20 different standard amino acids which are linked to-

gether by amide bonds and which possess different side chains residues. Naturally, each peptide 

or protein has one carboxylic and one primary amino group at its ends, while the amino acid 

side chains introduce additional functional groups or other properties depending on their mo-

lecular structure. The amino acid sequence determines the unique properties of each of a large 

number of possible structures, i.e. 20n for a sequence of n amino acids, in terms of charge, 

polarity and hydrophobicity. These in turn determine the protein folding and thus its secondary 

and tertiary structures and that ultimately results in the functional biomolecule. In many cases, 

the specific function of a protein (enzyme, antibody...) is determined by its geometry and the 

physicochemical properties of the outer surface, given by the folded amino acid sequence. Of-

ten the inside of a protein is hydrophobic whereas hydrophilic amino acid side chains tend to 

point outwards into solution. Cysteine residues, even if far apart in the sequence, can come 

spatially close to each other in folded proteins and form stabilizing disulfide bonds. The thiol 

group of a terminal cystein residue can also be exploited as anchor group for the grafting of a 

peptide to the surface of nanoparticles.  

 5)Aptamer 

Deoxyribonucleic acid (DNA) is a linear polymer containing the genetic information of organ-

isms in form of the sequence of the four oligonucleotides being the monomeric building blocks. 

Besides its biological function, DNA can be employed as generic polymeric molecules of which 

the most prominent feature, duplex formation with a strand of complementary sequence, pre-

sents a very specific mechanism of molecular recognition. As this mechanism depends on the 

simple linear sequence of nucleotides, DNA can be used as “programmable” object with a very 

large number of possible sequences and conformations, and exploited as building block and 

structural element for the assembly of artificial structures, as it will be discussed later. Synthetic 

DNA oligomers of arbitrary sequences and with a large variety of functional end groups, which 

are commercially available, can be conveniently attached in aqueous solution to gold nanopar-

ticles Aptamers are oligonucleotide or peptide molecules that bind to a specific target molecule 

by a S-Au bond, in the same way as for other ligand molecules [56-59]. Aptamers are usually 

created by selecting them from a large random sequence pool, but natural aptamers also exist 

in mRNA. Aptamers are usually added in quite large excess to the gold particles and they spon-

taneously bind to the nanocrystal surface 



 24 

b) Biodetection by gold nanoparticles 

 

1)Colorimetric fast detection  

 

The functionalized nanoparticles surface could recognize specific targets inducing the nanopar-

ticle aggregation and changing the solution color. J. Spadavecchia et al demonstrated that gold 

PEGylated nanoparticles conjugated with Galectin-1 protein can detect glucose through color-

imetric modification [60]. Galectins (Gal) are a family of dimeric lectins, composed by two 

galactoside-binding sites implicated in the regulation of cancer progression and immune re-

sponses. In this study, the synthesis and the physical-chemical characterization of such nano-

particles (Gal-1-PEG-AuNPs) was performed and their ability to detect glucose in an aqueous 

solution was demonstrated in a wide concentration range varying from 100 pM up to 10 mM. 

 

 2)SERS detection 

 

In Surface Enhanced Raman Scattering (SERS) [61], inelastic Raman scattering of light by 

molecules in close proximity to a metal nanoparticle surface can be greatly enhanced by several 

orders of magnitude through the excitation of surface plasmon. This effect can be used for the 

detection of biomolecules and the studies of interaction between nanoparticles and their envi-

ronment. 

 

c) Application of bioimaging and cancer photothermal therapy 

 
Many cancer cells are covered with epidermal growth factor receptor (EFGR). So, the EFGR 

provides a new therapeutic target for cancer, meanwhile healthy cells will not clearly show this 

protein. [63] The combination of gold nanoparticles with anti-EFGR can be used to image can-

cer cells under dark field optical microscopy. For the commonly used spherical gold nanopar-

ticles, the strong absorption of visible light makes the light energy can be converted into heat 

energy. Then the use of spherical gold nanoparticles assisted by laser thermal method can 

achieve selective destruction of cancer cells. Compared with normal cells, only half of the laser 

energy is needed to kill cancer cells and it does not damage benign cells. For the treatment or 

diagnosis of skin cancer, spherical gold nanoparticles are a good choice. However, because 

visible light does not easily penetrate biological tissues, spherical gold nanoparticles are pow-

erless for the treatment or diagnosis of cancer in subcutaneous tissue 

 
Gold nanorod particles with a suitable ratio are a good choice because of their strong ability to 

absorb and scatter light in the near infrared region (800-1200nm). 

 

The application of gold nanorods have then attracted attention as a new marker material and a 

new contrast agent in cell imaging and photothermal therapy for the treatment of cancer. Indeed, 

their longitudinal plasmon resonance can be easily tuned in the near-infrared and thus in the 

optical range where the light can penetrate deeply in the tissues. In addition, gold nanoparticles 

can easily generate heat by near-infrared light absorption close to their plasmon resonance, so 

they have special advantages in the photothermal treatment of tumors. 

 

When gold nanorods are injected [64] into mice, they flowed through blood vessels and two-

photon imaging technology (TPL) can be used to obtain in-situ images of blood vessel 
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structures through the skin (See Figure.1.7). The recorded image is much brighter than for tra-

ditional fluorescent dyes (A single gold nanorod is 58 times brighter than a single rhodamine 

6G molecule). 

 

The nanoparticles can be modified with specific recognition elements as antibodies [64], and 

poly (sodium styrene sulfonate) (PSS) to prepare bioprobes. Subsequently, the gold nanorods 

modified with antibodies can specifically recognize the cancer cells overexpressing EGFR to 

label the cancer cells that can then be imaged by TPL. The results showed that using gold na-

norods, the TPL imaging can penetrate down to 75μm into biological tissues. Under the same 

conditions, the image brightness is 3 times higher than two-photon auto fluorescence imaging 

(Figure 1.7). 

 

  

Figure 1.7 In vivo imaging of single gold nanorods in mouse ear blood vessels: (a) Trans-

mission image with the two blood vessels indicated; (b) TPL image of gold nanorods flow-

ing through the blood vessels; (c) Overlay of the transmission image and a single frame 

TPL image ;(d) TPL intensity profile from the linescan in c [62] Figure 1.7 Two photon 

images of cancer cells placed on a coverslip from a cell suspension: (a)Two photon auto-

fluorescence image of unlabeled cells ;(b) TPL image of gold nanorods to label 

cells;(c)TPL image of no specifically labelled cells [62] 

 

The dual role of diagnosis (imaging) and photothermal therapy. El Sayed et al. [65] reported 

that oligopeptide-labeled gold nanorods were used for nuclear labeling. Under a dark field op-

tical microscope, cancer cells can be clearly distinguished from normal cells and 800nm laser 

irradiation can be selected. Cancer cells have been clearly killed (See Figure 1.8). 
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Figure 1.8 Selective photothermal therapy of cancer cells with anti-EGFR-Au nanorods 

incubate [67] 

From all these results, gold particles are easy to prepare, and have special surface plasmon 

resonance characteristics that are continuously adjustable from the visible to near-infrared 

range. Gold particles are used as biomarkers and in biological detection, bioimaging, disease 

treatment, and information storage and other fields with broad application prospects. Although 

research in this area has just begun, it has achieved encouraging research results that have 

aroused widespread concern. 

 

1.2 Nanovectors  

In the fight against cancers, chemotherapy is along with radiotherapy and surgery, a weapon of 

actual choice. However, common anticancer molecules (such as alkylating agents, antimetabo-

lites, plant alkaloids, topoisomerase inhibitors and antitumor antibiotics) have weak points due 

to their systemic administration: 

The concentration of drugs through oral or injection administration within a short period of 

time in the body largely exceeds the actual need. Due to a lack of selectivity into the human 

body, fast metabolism and short half-life, the drug concentration quickly decreases in the body 

affecting their efficiency. Very large doses and excessive drug concentration are then required 

enhancing their side effects. Biomacromolecule drugs are easily degraded or inactivated by 

enzymes in the body. Their biological half-life is short, requiring repeated administration. Their 

diffusion in the body is also limited by the immune system or their penetration through biolog-

ical barriers as cell membranes. The bioavailability of macromolecular drugs is low. 

In recent years, the therapeutic arsenal has been enriched with more targeted therapies such as 

signal transduction modifiers (Gleevec®), enzyme inhibitors (Iressa® and Tarceva®), human-

ized antibodies (Avastin® and Cetuximab®), cell therapy or gene therapy. Even though the 

molecules in question are promising and exhibit more specificity for the tumor site, they still 

exhibit systemic toxicity, and the plasticity and genetic instability of tumors have been shown 

to be a limiting factor for this type of targeted therapy [66]. In addition, many tumors develop 

multi drug resistance, a phenomenon called MDR (or multidrug resistance) [67-69]. 
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Faced with these problems, research has turned towards another strategy: the vectorization of 

well-known anti-cancer agents. Associating a molecule with a vector makes it possible to mod-

ify its pharmacokinetics and biodistribution. The desired aim is to promote the concentration 

of the active principle in the pathological tissue, to potentiate its local action, while reducing 

systemic toxicity. The vectorization strategy involves the association of a molecule with an 

object of nanometric dimensions (macromolecule or nano-object). 

As the nanomaterials have a very small size and a very large surface area, the drug can be 

loaded onto their surface with high density, forming a high local concentration, and improving 

the utilization rate of the drug. In addition, the drug nanocarriers have the advantages of low 

toxicity, high efficiency, slow release, long-term effect and better drug stability. Moreover, they 

can recognize mutant cells, are non-toxic after drug release, will not accumulate in the body for 

a long time and have little side effects. They also have a stronger targeting release capability as 

bioreceptor can also be loaded at the nanocarrier surface. Therefore, nanocarrier is an emerging 

drug delivery technology with great development potential. 

 

The formulation of nanovectors is therefore a key element in controlling the fate of the drugs 

in the body. The drugs enter in the human body through vectorization and is released on site, 

exerting a better drug treatment efficiency. The key to drug carrier technology is the choice of 

carrier material. At present, various polymer materials and inorganic materials have been used 

for carrier drug research, but the choice of materials must meet the requirements of tissue, 

blood, immunity and biocompatibility. In addition, the preparation of drug carriers is also very 

important because it will determine their biocompatibility and affects the efficiency of drugs 

delivery. 

 

1.2.1 Delivery of anticancer drugs: targeting and delivery strategies 
 

a) Passive and active targeting 
 

The main objective of vectorization is to promote the accumulation of the anticancer drugs in 

the tumor. The injection or implantation directly into the tumor site allows to deliver the drug 

locally and thus avoiding the crossing of many biological barriers, but it is an invasive tech-

nique. Systematic administration also leads to passive accumulation of nanovectors in the tumor 

environment, through a phenomenon known as the "EPR effect", for "Enhanced Permeation 

and Retention" [70–72]. In fact, neoangiogenesis in tumors is imperfect, with new larger vessels 

than healthy ones, 200 nm on average and up to 700 nm, instead of 70 nm. The extravasation 

and accumulation of nanovectors (from 20 to 200 nm) in the interstitial spaces are therefore 

facilitated. In addition, lymphatic vessels are absent or non-functional within a tumor, which 

contributes to inefficient lymphatic drainage. Thus, nanovectors are not driven out of the tumor 

environment. It is this EPR effect that has been successfully exploited for the first generation 

of nanovectors, such as Doxil® [73]. However, passive targeting remains insufficient, a signif-

icant part of the anticancer drugs being distributed in the whole body and specifically at the 

tumor. This is why most of the recently developed nanovectors add to the formulation a bio-

chemical and / or physical active targeting strategy. For biochemical targeting, it involves the 

decoration of the vectors with a bioreceptor allowing better recognition of the targeted tumor, 

in particular ligands specific to some receptors overexpressed at the surface of the tumor cells 

[66,69,72 ].These ligands can help to target the tumor cells, but also facilitate the entry of 
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nanovectors into these cells. The best-known example is the use of folic acid as its cellular 

receptor being overexpressed in many types of cancer [74]. 

 

b) Doxorubicin, an ideal candidate for vectorization in gold nanoparticles  
 

Doxorubicin (DOX) is an anthracycline (a family of antibiotics). It is used to treat a wide variety 

of cancers, including leukemia, ovarian cancers, liver cancers and particularly advanced breast 

cancers [75]. My thesis is focused on this anticancer agent. 

 

The DOX molecule (figure 1.8) is made of one aglycon nucleus and one sugar. The aglycon 

ring is a tetracyclic structure, with quinone and hydroquinone groups on rings B and C, a C4 

methoxy substituent on ring D, and a short chain with a carbonyl on C9. Amino sugar or daunos-

amine (3-amino-2, 3, 6-trideoxy-L-fucosyl) is attached to ring A (C7) by a glycosidic bond 

[76]. The sugar part is hydrophilic whereas the anthraquinone nucleus is rather lipophilic, de-

pending on the protonation state of the phenolic groups. Indeed, the molecule has ionizable 

functions (two phenolic groups on the B ring in position C11 and C6 with a pKa of 9.5 and 10.2 

respectively, and an amine group on the sugar with a pKa of 8.3) [76]. The protonation of the 

amine group on the sugar improves its water solubility compared to the molecular form: doxo-

rubicin hydrochloride is often used for this reason. The consequence of the charge bearing and 

the structure of the molecule is its ease to bind with proteins and cell membranes. Another 

consequence is that it can be used in both hydrophilic and lipophilic materials, and its affinity 

for such materials is highly dependent on pH conditions [77]. Doxorubicin is a popular research 

object: its anthracycline nucleus is responsible for its optical properties, and for the intrinsic 

fluorescence of the molecule. This molecule can therefore be easily assayed by UV-visible 

spectrophotometry. The distribution of DOX can also be visualized in tissues or cells, using 

fluorescence imaging [76]. Nevertheless, interpretations should be made with caution, as the 

intensity and fluorescence spectra of DOX strongly depend on its concentration and the nature 

of its microenvironment. In addition, the attachment of DOX to nanovectors via the anthracy-

cline part quenches its fluorescence and may decrease its therapeutic properties. It is therefore 

often the sugar part that is used to graft it to the nanovectors. 

 

 
Figure1.8 Chemical structure of Doxorubicin  

 
Although significant research efforts were made in this direction, few vectors have led to clin-

ical trials, and only a handful has been approved for clinical use in humans. Doxorubicin is one 

of the few vector molecules available on the market, with Myocet, a formulation based on 
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liposomes (Enzon®®Pharmaceuticals, Piscataway, New Jersey), and Doxil/Caelyx, which are 

liposomes PEGylated (Centocor Ortho Biotech, Horsham, Pennsylvania, and Shering-Plow, 

North Ryde, New South Wales, Australia, respectively) [77]. These systems make it possible 

to passively target tumors by EPR effect [70]. Liposomal doxorubicin is efficient [78], but is 

generally used as a second-line treatment in case of relapse [79]. The side effects are certainly 

reduced, but not completely eliminated, in particular because of the persistence of a non-spe-

cific accumulation [76]. In addition to cardiotoxicity, there are persistent problems with palmar-

plantar erythrodysesthesia (hand-foot syndrome). Faced with this observation, strategies consist 

in combining the liposomal formulations of DOX with other chemotherapies (combination with 

gemcitabine [80], carboplatin [81] or ifosfamide [82]), to reduce the quantities of injected drug, 

as proposed in several recent phase II clinical trials. Other approaches explore the modification 

of these liposomes with specific ligands, to increase the specificity of capture by tumor cells: 

for instance, ligand for the integrin receptor [83], ligand for the folate receptor [84], and all the 

different receptors specific to some specific cell lines [85, 86], and among them antibodies and 

peptides, such as the anti αν integrin antibody [87] and the peptide HVGGSSV [86]. Another 

strategy is the transfection of small interfering RNAs (siRNAs) to overcome resistance phe-

nomena and to suppress the expression of efflux pumps [83]. In this context, the development 

of vectors other than liposomes for the delivery of DOX is needed. Hybrid gold nanoparticles 

provide an ideal platform for constructing such nano-objects. 

 

c) Different generations of nanovectors  
 

There are three generations of nanovectors schematically presented in Figure.1.9 

 

A                                                  B                                                   C 

Figure. 1.9 Schematic presentation of three generations of nanovectors. A) First-generation of 

nanovectors: liposomes, including a container (double phospholipid bilayer membrane) and an 

active principle (dots) inserted inside the container. They target the tumor by EPR effect; B) 

Second-generation of nanovectors: they possess the ability to target their therapeutic action via 

antibodies and other biomolecules; they also propose remote activation, or responsiveness to 

environment; C)Third-generation nanovectors such as multistage agents are capable of more 

complex functions, such as time-controlled deployment of multiple active nanoparticles across 

various biological barriers and with different subcellular targets. [87] 

 

1) The first generation of nanovectors target the tumor through passive mechanisms.  
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These products include liposomal drugs and polymer–drug conjugates [88], polymeric micelles 

[89], and dendrimers [90]. They are relatively simple but generally lack of an active targeting 

or controlled drug release components. Some surface modifications as the attachment of a PEG 

are frequently seen in this subclass. This modification produces nanovectors with substantially 

prolonged circulation time and, as a result, more likely passive tumor homing [91, 92]. Nano-

particles extravasate through the leaky vasculature and preferentially accumulate through the 

EPR effect. In this case of “passive targeting”, the drugs may be released in the extracellular 

matrix and diffuse throughout the tissue for bioactivity. Some of these nanoparticles might also 

be taken up nonspecifically.  

2) The second generation of nanovectors is hybrid systems with additional advanced func-

tionalities 

Such as the attachment of recognition elements on the nanovector surface specific to the tar-

geted disease or a possibility for active/triggered release of the payload at the disease location 

through the use of physical remote energy [92, 93]. This category generally presents a progres-

sive evolution of the first generation of nanovectors with emerging degrees of sophistication. 

Liposomes and other antibody targeted nanoparticles have been the most investigated example 

of the second generation [ 94,]. A variety of other targeting moieties besides antibodies are 

under extensive investigation worldwide, including ligands, aptamers, small peptides, and 

phage-display peptides binding to specific target cell surface markers or surface markers ex-

pressed in the disease microenvironment [101]. Examples of other nanocarriers in the first and 

second generations include metal nanoparticles for use in diagnostics and therapy [95, 96], al-

bumin-bound paclitaxel nanoparticles approved for use in metastatic breast cancer [97], drug–

polymer construct dendrimers, and polymeric micelles [98].  

 3)The third generation of nanovectors includes therapeutic and diagnostic multicomponents 

and multifunctional constructs with logic-embedded functions.  

These systems aim at overcoming a variety of obstacles in order to efficiently reach their target, 

representing a paradigm shift when compared to the previous two generations of nanovectors 

[99]. The third-generation multicomponent carriers comprise a number of nanoengineered com-

ponents with the advantage of decoupling functions such as biorecognition, cytotoxicity, and 

bio-barrier avoidance to separate nanocomponents acting in a synergistic pre-programmable 

and sequential manner, encoded in the properties of the material.  

d) Interaction of nanoparticles with biological media 

It is important to understand the interaction mechanisms involved when nanoparticles are 

placed in biological media. This is an even more important point for nanomedicine research. 

Understanding these interactions can help us to understand not only their cellular internaliza-

tion, but also their biodistribution within the body and therefore to estimate their possible ther-

apy efficiency or toxicity. In general, nanoparticles enter in the cells through different internal-

ization mechanisms. Figure 6.1 shows the different internalization pathway to enter in the or-

ganisms and in the cells [100]. The small size of nanoparticles allows them to enter in the human 

body by inhalation, ingestion, or through the skin contact. Once they are in the extracellular 

fluid, they will be conjugated with biomolecules presented in the media, which allows them to 

internalize in the cells. 
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1.2.2 Cellular Internalization 
Nanomedicines are totally based on nanoparticles which must cross the cell membranes by 

different mechanisms. The plasma membrane is a dynamic structure allowing the separation 

between the intracellular medium (the cytoplasm) and the extracellular environment, while reg-

ulating the entry and exit of molecules. The small molecules essential for cell survival (amino 

acids, sugars and ions) can enter the cell simply by crossing the plasma membrane via pumps 

or protein channels anchored in the membrane.  

 

Figure 2.0 Schematic representation of internalization pathways for nanoparticles (NPs) 

in the human body and in the cells.[101] 

 

In general, the different mechanisms include 6 ways for internalization:  

 

a) the phagocytosis is an endocytosis mechanism mainly used by immune cells (macrophages, 

neutrophils and dendritic cells). It constitutes a defense system against foreign organisms and 

eliminates cell dead by apoptosis 

b) the micropinocytosis is characterized by the formation of very small vesicles (60-120 nm) 

which are called micropinosomes [101]. Internalization by this route is only possible through 

the presence of growth factors or mitogenic agents. 

 

c) The macropinocytosis is characterized by the formation of very large vesicles (up to 5 μm) 

which are called macropinosomes [101]. Internalization by this route is only possible through 

the presence of growth factors or mitogenic agents.  

 

d) The clathrin-dependent endocytosis is characterized by the formation of vesicles from 60 to 

120 nm [102], covered with a protein membrane composed mainly of clathrines. This internal-

ization path is only possible by activation of membrane receptors through specific ligands such 

as immunoglobulins, transferrin, insulin, LDL or even EGF. 

 

e) The caveolae-dependent endocytosis causes the formation of small vesicles in the cell. It is 

a process used by the cell to transport molecules, but the mechanisms that control this path are 

still poorly understood. 
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f) The direct penetration occurs for very small nanoparticles. The penetration doesn’t need any 

force process.  

The nanoparticles (NPs) size directly affects the internalization process. In fact, nanoparticles 

in the range of 10–100 nm achieve higher cellular uptake but the smaller ones imply a higher 

energy cost to the cells [103]. Usually, NPs larger than 100 nm are internalized by specialized 

phagocytic cells (such as macrophages or dendritic cells) which allows targeted design. Fur-

thermore, the optimal size for internalization inside the cells is strongly linked to the NPs sur-

face chemistry. In general, Van der Waals or electrostatic forces are critical in the NP interac-

tions with biomolecules and cells. In fact, several studies show correlation between zeta poten-

tial and endocytosis/exocytosis mechanisms [104]. Then, specific cellular internalization mech-

anisms could be targeted to favor specific interactions (i.e., employing affinity ligands) as op-

posed to nonspecific interactions (i.e., hydrophobic). In this sense, antibody-coated NPs present 

an internalization potential in targeted cells four to eight times higher than positively or nega-

tively charged NPs without the affinity component [104]. Besides the use of antibodies for 

targeting delivery, non-specific interactions through chemical elements are always present and 

influence target affinities, which must be always taken into consideration. 

Protein adsorption also depends on the NP shape and, consequently, affects the cellular uptake. 

It seems that spherical and highly homogeneous NP conjugates have better cellular uptake than 

amorphous and non-geometrically symmetric nanoconjugates. Moreover, several authors claim 

that shape could be employed to prevent non-specific cellular internalization in the targeted 

cells. 

In view of the bibliographic data, it is important to not only study the physicochemical proper-

ties of nanoparticles and their interaction with the proteins, but also study the efficiency of 

nanovectors in vivo for the cancer therapy efficiency. Thus, it’s crucial to have a deep investi-

gation in vivo experiments and to understand the interaction between protein and nanoparticles 

as it will be presented in the two following chapters devoted to the specific biomarker’s detec-

tion and to the study of in vivo efficiency of a nanovector. 
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Chapter 2 

Development of a new hybrid nanoparticle synthe-

sized by gold complexing for the detection of bi-

omarkers 

This chapter will be dedicated to the development of hybrid nanoparticles for the biomarker 

detections. The nanoparticle surface was first functionalized with Lactose-Modified Chitosan 

(CTL) to specifically interact with the biomarkers. The nanoparticles were first used in the 

detection of Galectin-1 protein and then in the colorimetric detection of glucose via its interac-

tion with Galectin-1 protein. 

 

2.1 Lactose-modified chitosan gold (III)-PEGylated com-

plex –bioconjugates: from synthesis to interaction with tar-

geted Galectin-1 protein 

 

2.1.1 Chitosan   

Chitosan (figure2.1) is a linear polysaccharide composed of randomly distributed β-(1→4)-

linked glucosamine (deacetylated unit) N-acetyl-D-glucosamine (acetylated unit). It is pro-

duced by treating the chitin shells of shrimp and other crustaceans with an alkaline substance, 

such as the sodium hydroxide. The chitosan has a large number of commercial and biomedical 

uses. It can be used in agriculture as a seed treatment and biopesticide, helping plants to fight 

fungal infections. In winemaking, it can be used as a fining agent, also helping to prevent spoil-

age. In industry, it can be used in a self-healing polyurethane paint coating . In medicine, it is 

useful in bandages to reduce bleeding and as an antibacterial agent. It can also be used to help 

the drug delivery through the skin. Chitosan and derivatives have been explored in the devel-

opment of nanomaterials, bio-adhesives, wound dressing materials[1,2], improved drug deliv-

ery systems[3], enteric coatings[4] and in medical devices[5,6]. Chitosan nanofiber membranes 

have a high degree of biocompatibility and may support new bone formation.  
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Figure 2.1 Chemical structure of chitosan 

 

2.1.2 Lactose-Modified Chitosan 

The Lactose-Modified Chitosan (CTL, Figure2.2) is a derivative of Chitosan with branched 

polysaccharide synthesized via reductive N-alkylation of primary amines by lactose moieties. 

CTL is a ternary heteropolysaccharide composed of β-1 → 4 linked glucosamine (D unit), N-

acetyl-glucosamine (A unit), and N-Lactit-1-yl glucosamine (L unit) sugars. Firstly, proposed 

in 1982 by Yalpani [7,8], CTL has been reconsidered as a chemically modified chitosan able to 

show interesting biological and physico-chemical properties. Thus, the lactose residues grafted 

on the chitosan backbone give specific advantages with respect to the original polymer and 

most of the commercial chitosans. They have a higher solubility at neutral pH, a miscibility 

with polyanions to form soluble complexes without associative phase separation, and the pos-

sibility to form gels when it is mixed with boric acid that plays the role of cross linker under 

physiological conditions of pH and osmolarity.  They represent interesting natural polymers for 

the development of biomaterials for tissue regeneration. In particular, CTL has shown to induce 

aggregation of articular chondrocytes [9] or to stimulate the production of collagen and gly-

cosaminoglycans within an otherwise inert 3D architecture [10]. Similar biological activity has 

been noticed on an osteoblast-like cell line.[11] The biological significance of CTL has been 

traced back by some authors through the interaction between the dangling lactitol moieties and 

a s-type lectin (the galectin-1) bridging the polysaccharide and the integrin on the cell surface. 

This recognition allows then the downstream signaling cascade to be activated.[12] The almost 

ubiquitous presence of galectins in biological tissues is considered to be the cause of the cell-

unspecific role of CTL.  



 42 

 

Figure 2.2 Structure of CTL with 3 units 

 

2.1.3 The Galectin -1 

Galection-1 shown in Figure 2.3 is a protein differentially expressed in various normal and 

pathologic tissues and it displays a wide range of activities in biological processes. The 

galectin-1 protein is 135 amino acids in length and highly conserved across species. It can 

be found in the nucleus, the cytoplasm, at the cell surface and in the extracellular space. 

Galectins in general lack a traditional signal sequence, but are still secreted across the 

plasma membrane. 

 

 

Figure 2.3 The interaction of Gal-1 with CTL  

N-Lactit- 1-yl glucosamine 

The site which could bind 

with glycan-binding protein 

galectin-1 
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Galectin-1 contains a single carbohydrate recognition domain (in red color in the figure 2.3) 

through which it can bind with glycans (CTL) both as a monomer and as a homodimer.  

Studies show an over expression of Gal-1 in different cancers such as colon, liver, breast, lung, 

head and neck, ovarian, prostate carcinomas, and Hodgkin’s lymphoma [13]. This expression 

appears to have strong influence on the tumor progression at different steps such as angiogen-

esis, apoptosis, cell migration, and metastatic spread. It has been recently demonstrated that the 

Gal-1 over expression is correlated with the tumor aggressiveness, the patient survival, and the 

prognosis [14]. Several studies identify this lectin as a promising therapeutic and prognostic 

marker. Detecting and identifying this protein in biological media can then be of primary im-

portance. However, its specific recognition needs the interaction with a bioreceptor providing 

a high affinity with Gal-1. The bioreceptor must be grafted at the surface of sensing transducer 

that could induce the capture of the analyte to be detected. Topologically, Gal-1 represents a 

particularly interesting challenge for targeting synthetic and multivalent ligands [15],

 

since it is 

a rigid dimer [16] with two binding sites in opposite directions. The positions of the binding 

sites compete with each other at linear distance up to 6 nm. Since the main biological targets of 

Gal-1 reside on the cell surface, one strategy for targeting Gal-1 is to use structures that mimic  

dGal-1 often considered as a cancer biomarker, thus its important make a fast-specific early 

diagnosis and point of care for the patients. The following publication is the first time a proof 

of concept which open a way by using CTL as a bioreceptor on the surface of gold nanoparticles 

to detect Gal-1 in different concentrations and characterizethe interaction between the Gal-1 

and Lactose-modified chitosan gold (III)-PEGylated nanoparticles with different equipment 

 

2.2 Publication 1  

	

Lactose-Modified Chitosan Gold (III)-PEGylated Com-

plex- Bioconjugates: From Synthesis to Interaction with 

Targeted Galectin‐1 Protein  
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2.3 Conclusion  

In this publication, we studied for the first time the bio-interaction between Gal-1 and CTL-

PEGylated gold nanoparticles. The analysis of the UV-visible and Raman spectra allowed us 

to highlight the formation of agglomerates of gold nanoparticles due to high binding affinity 

between Gal-1 and CTL onto gold nanoparticles. We observed some dissociation of gold nano-

partciles for specific Gal-1 concentrations giving evidence of the interaction of the protein with 

the CTL by SPR analyze. This publication provides us a better understanding of the interaction 

mechanism (chemical structure modifications, kinetic interaction) and allows an optimisation 

of the sensing abilities since the detection sensitivity is directly related with the affinity of the 

bioreceptor to the analyte. 

Nowadays there are many methods for specific detection of proteins, we could specially divide 

in two categories: the separation methods and the antibody dependent methods 

The former methods include: high-performance liquid chromatography (HPLC) to detect pro-

teins or peptides and liquid chromatography coupled with mass spectrometry (LC/MS) to detect 

proteins at low concentrations (ng/mL to pg/mL) in blood and body fluids. 

The latter methods includes: immune sorbent assay (ELISA, detection of proteins down to 

pg/mL, the immunoprecipitation (technique of precipitating a protein antigen out of solution 

using an antibody), the immunoeletrophoresis (separation and characterization of proteins 

based on electrophoresis and reaction with antibodies), the Western blot(coupling of the gel 

electrophoresis and the incubation with antibodies to detect specific proteins in a sample of 

tissue) and the protein immunostaining (immunostaining is any use of an antibody -based 

method to detect a specific protein in a sample) 

 

All these methods are time consuming and need complex sample preparations. They only pro-

vide a detection method but have no therapeutic purpose. Conversely, the nanoparticles could 

provide theranostic effect that is a clear advantage for such kind of objects. In this work, we 

first demonstrated the easy and fast cancers biomarker detection using AuNP bearing CTL 

whereas we will demonstrate in the following chapter (chapter 3) their ability to target specific 

cancer cells and be used as nanovector for cancer therapy. 

 

This work was carried out in collaboration with the Department of Life Sciences of the Univer-

sity of Trieste and the CTL was provided by Doctor Pasquale Sacco. 
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2.4 Galectin-1 protein modified gold (III)-PEGylated com-

plex-nanoparticles: Proof of concept of alternative probe in 

colorimetric glucose detection 

2.4.1 Glucose  

Glucose is a vital substance for human being and plays an important role in cell metabolism. It 

is needed in many cells for energy processes, its metabolism providing energy in the form of 

adenosine triphosphate (ATP). It is also essential for the synthesis of important cellular  

constituents: macromolecules containing sugars such as glycoproteins and nucleic acids. But 

cancer is a disease at the cellular level involving heritable disorders in cellular control mecha-

nism. Cancer cells also need to adapt their metabolism to survive and multiply under the meta-

bolically compromised conditions provided by the tumor-microenviroment .Tumor cells alter 

their metabolism to maintain unregulated cellular proliferation and survival, but this transfor-

mation leaves them reliant on constant supply of nutrients and energy. They alter their metab-

olism to support their rapid proliferation and expansion across the body. After the discovery of 

the altered cancer cell metabolism in 1930, lot of studies have shed light on several aspects of 

cancer metabolism with a common goal to find new ways for effectively eliminating tumor 

cells by targeting their energy metabolism. Research has directed most of its resources to elu-

cidate the causes, to prevent its apparition and possibly to cure for cancer. Yet the process has 

been elusive claiming human lives more than ever. This disease is a manifestation of etiological 

and pathological disturbances of mechanisms that control cell division, differentiation and me-

tabolism. 50% of all human tumors carry genetic alterations that lead to the inactivation of 

some tumor suppressor proteins. Cancer cells are shown to experience characteristic changes 

in their metabolic programs, including increased uptake of glucose, enhanced rates of glutami-

nolysis and fatty acids synthesis, suggesting that metabolic shifts supports tumor cells growth 

and survival. Otto Warburg observed that, even in the presence of oxygen, human and animal 

tumors prefer to convert glucose into lactate instead of utilizing the mitochondrial metabo-

lism and the oxidative phosphorylation chain for energy production .His observation is sup-

ported by the elevated levels of lactate dehydrogenase  that have been found in various can-

cers .This preferred conversion of glucose to lactate in the presence of oxygen is known as aer-

obic glycolysis or the “Warburg effect”. Readers are referred to these recent excellent reviews 

on the regulation of glucose metabolism in cancer cells [19], [20], [21], [22]. Thus, it’s very 

important to make a fast detection with glucose.  

There are many different methods to detect Glucose: like Copper-iodometric methods, enzy-

matic methods, Glucose meters, Non-enzymatic glucose sensors, high performance liquid chro-

matography (HPLC), etc. But the colorimetric glucose detection using nanoparticles is a novel 

method that gives new perspectives of analysis. In this publication  we provided an evidence 

that the Gal-1 interacts with glucose under gold complex  and we have experimented  two syn-

thesis methods: the first one is the bioconjugation of  Gal-1 onto PEG-AuNPs (Gal-1 ON PEG 
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AuNPs) whereas the other one is the bioconjugation of Gal-1 into PEG-AuNPs (Gal-1 IN PEG-

AuNPs), interestingly these two methods give different results (figure2.4) 

Figure 2.4 Method in and method on in different results 

 

2.5 Publication 2 

 

 Galectin-1 protein modified gold (III)-PEGylated complex-

nanoparticles: Proof of concept of alternative probe in col-

orimetric glucose detection	 
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Figure S1: Changes in the UV-Vis absorption spectra of Gal-1 IN PEG-AuNPs (black 

line) when incubated in PBS solution at pH 5.5 up to one month (green line) and three 

months (red line). 

 

 

 

 

Figure S2: A) UV-Vis absorption spectra in the range 400-900 nm of Gal-1 IN PEG-

AuNPs before (black line) and after interaction of galactose (from 10 mM to 100 pM) and 

A1) lactose (from 10 mM to 100 pM); B) Evolution of the Gal-1 IN PEG-AuNPs plasmonic 

bands versus galactose and B1) lactose concentration. 
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. 

 

Figure S3: A) UV-Vis absorption spectra in the range 400-900 nm of Gal-1 IN PEG-

AuNPs before (black line) and after interaction of maltose (from 10 mM to 100 pM) and 

A1) Evolution of the Gal-1 IN PEG-AuNPs plasmonic bands versus maltose 
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2.6 Conclusion 

In the present work, Galectin-1 (Gal-1) was exploited as both a stabilizer of a nano-biosystem 

and as an active biomolecular probe in glucose monitoring in order to evaluate further human 

health diseases. All experimental results highlighted that Gal-1IN PEG AuNPs exhibited, for 

the first time, the ability to bind glucose even if if the Gal-1 is intrinsically engaged with a gold 

complex by chelation methodology. In essence, a new hybrid nanosystem was developed for 

both interface stabilization and biomolecular interaction monitoring applications. In a second 

step, new galectin-1 nanoformulations could be internalized in pancreatic cancer cells to detect 

the glucose produced under specific conditions. This study not only provides a new colorimetric 

assay for the simple detection of glucose for specific applications, e.g. predicted cancer and 

treatment, but also potentially offers a new analytical platform for understanding the molecular 

basis of physiological and pathological events. From the two publications we could conclude 

that our gold nanosystem could provide a bimodal interest in biomedical diagnosis and therapy. 

This is the advantage to compare with other detection methods. In the future, the biomodal 

nanosystem will give patients a faster and better treatment.   
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Chapter 3 

Development of a nanovector for the treatment of 

liver cancer 

In this chapter I developed a specific nanovector for the liver cancer therapy. The originality 

of this nanovector is the inclusion of chitosan as bioreceptor to target the cancer cells and of 

doxorubicin as drug to eradicate the tumor. This efficiency of this nanovector was tested in in 

vivo experiments with nude mice. 

3.1 Chitosan Nanoparticles 
 

Many studies have shown that glycated chitosan regulates immune responses and could be a 

novel adjuvant for cancer vaccin [1]. Chitosan also improves the nanovector’s biodistribution, 

increases their specificity and sensitivity, and reduces their pharmacological toxicity. Thus, na-

noparticles combined with chitosan become perfect polymeric platforms for the development 

of new pharmacological and therapeutic drug release systems [2]. Chitosan nanoparticles 

(CNPs) can be administrated through noninvasive routes such as oral, nasal, pulmonary, and 

ocular routes [3]. CNPs have been proposed as nonviral vectors in gene therapy [4] or for the 

chemotherapy drug delivery by combining them with monoclonal antibody to reduction the 

drug side effects [5]. 

CNP may be a safe and efficient adjuvant candidate suitable for therapeutic vaccines. Experi-

mental results have proved that CNP had a strong potential to increase both cellular and humoral 

immune responses. Wen et al. investigated the promoted immune response to ovalbumin 

(OVA) in mice by CNP and its toxicity, OVA was used because this protein is considered to be 

an inert antigen with low capacity to modulate the immune response it’s a classic model antigen 

[6]. The mice were immunized subcutaneously with OVA alone, with OVA dissolved in saline 

solution containing chitosan or with CNP. The CNP did not cause any cell mortality or side 

effects. They observed that the serum OVA-specific antibodies were significantly enhanced by 

CNP as compared with OVA and chitosan groups. CNP remarkably increased the killing activ-

ities of NK cells [7]. CNP also significantly promoted the production of Th1 (IL-2 and IFN-γ) 

and Th2 (IL-10) cytokines and upregulated the mRNA expression of IL-2, IFN-γ, and IL-10 

cytokines in splenocytes [7].Wu et al. showed that humoral and cellular immunities were sig-

nificantly enhanced in immunized mice, which resisted the infection of E. coli and survived, 

while the control mice exhibited clear symptoms and lesions of infection [8]. Their results 

showed that the inoculation with CNP significantly raised the content of IgG, IgM, and IgA in 

the sera of immunized mice. Increased number of white blood cells and lymphocytes and ele-

vated levels of IL-2, IL-4, and IL-6 were also observed in the mice of CNP group. It indicates 

that CNP can be utilized as an effective adjuvant to improve the immune protection and against 

infectious disease [8]. 

Modified chitosans can then be used for the wide range of biomedical applications including 

the interaction and intracellular delivery of genetic materials [9]. Its unique properties help to 

form a complex with siRNA [10] and Chitosan-based nanoparticles can act as a potential carrier 

for various gene delivery applications, which indicate its promising perspectives in cancer ther-

apy. 
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3.1.1 Doxorubicin- and CTL-Doxorubicin-Gold complex Nanopar-

ticles 

Doxorubicin (DOX) is a chemotherapy drug used in various cancers (ovarian, bladder, lung, 

liver, thyroid and stomach). But it induces harmful side effects. The drug can cause a dose-

dependent heart toxicity that can lead to a congestive heart failure. Researchers have found an 

important contributor to that heart pathology: the disruption of the metabolism that controls 

immune responses in the spleen and heart. This dysregulated immunometabolism impairs the 

treatment of inflammation and as a consequence, chronic inflammation leads to advanced heart 

failure. To overcome the side effect of DOX. We considered that the hydrochloride-lactose-

modified chitosan, named CTL, is a relevant candidate to act as an immune regulator and a 

targeting agent for the cancer therapy.  This work is a continuation of previous in vitro studies 

performed in the research group. In 2016 J. Spadavecchia et al published “Tunable Design of 

Gold (III)−Doxorubicin Complex−PEGylated Nanocarrier. The Golden Doxorubicin for Onco-

logical Applications”. In this study the translation of Au (III) complexes into chemotherapeutic 

agents has permitted to improve their stability under physiological conditions, a crucial param-

eter in drug development. They reported an innovative four step synthesis of a stable Au 

(III)−doxorubicin (DOX) complex (Figure 3.1) acting as a key constitutive component of dox-

orubicin-loaded PEG-coated nanoparticles. This innovative synthesis was called method IN and 

the associated nanoparticles DOX IN−PEG−AuNPs. For therapeutic purposes, such AuNPs 

were then functionalized with the anti-Kv11.1 polyclonal antibody (pAb), which specifically 

recognizes the hERG1 channel that is over expressed on the membrane of human pancreatic 

cancer cells. In vitro experiments demonstrated that DOX IN-PEG -AuNPs strongly influence 

the therapeutic potential of AuNPs in pancreatic cancer treatment, with a significant increase 

of the DOX therapeutic index when complexed to Au (III) ions. This study demonstrated that 

Au (III)−DOX complexes as building blocks of PEGylated AuNPs constitutes a promising ap-

proach to transform Au (III) complexes into real chemotherapeutic drugs for the treatment of 

pancreatic cancer. Even if the efficiency of in vitro experiments gave us a way to continue our 

experiments in vivo, it was necessary to go one step beyond and to demonstrate also the in vivo 

efficiency of such nanovectors. Our in vivo nanovectors use the same innovative synthesis 

method but to improve the cancer cell targeting, the new nanovectors, DOX-AuGCs) were 

functionalized with CTL as this one can recognize the Gal-1 protein over expressed on the 

cancer cells surface (this has already been explained in the chapter 2, publication 1). The nature 

of interactions between DOX-CTL and Au (III) ions was probed by various analytical tech-

niques (Raman spectroscopy, UV−vis, and TEM) at the different steps of the DOX-AuGCs 

formation. For in vivo experiments, HepG2 liver cancer cell line was injected in nude mice to 

induce the formation of liver cancer. To observe the effect of our nanovectors on the cancer 

evolution but also to identify potential side effects, a wide number of analyzes have been carried 

out: Ultrason imaging, Blood cells analyze, biodistribution analyze by ICP-MS. We were then 

able to provide a clear evaluation of the nanovector efficiency, of its toxicity and its biodistri-

bution in the mouse body.  
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 Figure 3.1 –Schematic mechanism of DOX IN PEG AuNPs (Tunable Design of Gold 

(III)−Doxorubicin Complex−PEGylated Nanocarrie)  

 

3.1.2 Method and material for in vivo experiments   
 

a) Group of mice  
 

To evaluate the therapeutic effects of our nanovector, HepG2 cancer cells were injected into 5 

groups of mice including: 

 

1. the model group: the mice are treated with only 0.9% sodium chloride solution. 

 

2. the DOX-AuGSs solution group: the mice are treated with gold nanoparticles covered 

with DOX drug by method-in  

 

3. the DOX IN nanoparticles solution group: the mice are treated with gold nanoparticles 

including DOX drug and produced using the method IN. 

 

4. the CTL solution group: the mice are treated with DOX-AuGCs produced using the 

method IN. 

 

5. a positive control group:  the mice are treated using the classical chemotherapy drugs 

5-fluorouracil (5-FU).  

 

More details can be found in the publication inserted in the following of this chapter. 
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b) HepG2 Cell cultures  
 

For the preparation of in vivo experiments, we have selected HepG2 as cell line from the Korean 

Cell Line Bank (Seoul, Korea). HepG2 is an immortalized cell line consisting of human liver 

carcinoma cells, derived from the liver tissue of a 15-year-old Caucasian male who had a well-

differentiated hepatocellular carcinoma, which is the fifth most-common cancer worldwide. 

The HepG2 cell line is commonly used in drug metabolism and hepatoxicity studies. HepG2 

cells exhibit an epithelial-like morphology with a modal chromosome number of 55. They are 

also non-tumorigenic and have high proliferation rates. Briefly, HepG2 cell lines (2×10 

cells/mL) were seeded in a six-well culture plate with RPMI 1640 media containing 10 % FBS 

and 1 % ABS at 37 °C in an atmosphere humidified at 5 %. Then green fluorescence protein 

(GFP) was transfected into cell line by using lentiviruses. When the cells reached confluence 

(70~80 %), the culture media was replaced by RPMI 1640 without FBS. After 24 h of incuba-

tion, 3 mL of fresh media containing hexadimethrine bromide (8μg/mL) was added to each 

well, then gently swirling the plate with DAPI for 10 min. 10 μL of lentiviral particles were 

added to each well. The cells were incubated at 37°C for 24 h and further cultured in 3 mL of 

fresh media containing puromycin (3 μL).   

 

c) Cancer cells injection for nide mice 
 

BALB\c nude mouse males (5 weeks aged) have been chosen for drug tests, a total of 25 mices 

was divided into 5 groups. HepG2 liver cancer cells were resuspended in 0.9% PBS solution, 

adjusted to a density of 2×107 cells/mL, mixed with matrigel 1:1, and inoculated on the left side 

of the second pair of breast pads (inoculation number 1 ×106 cells, inoculation volume 100 μL). 

On the third day after inoculation, the tumor volume was measured and calculated, and the 

tumor volume was calculated by the following formula: (length × width2/2). Figure 3.2 shows 

the third day of one group of nude mice after inoculation of cancer cell line. The tumors reached 

its optimal volume (between 150 and 200 mm3) for drug administration after one week of in-

cubation (Figure 3.3).  

 

 

Figur3.2 nude mice 3 days after cancer cell line inoculation 
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Figure 3.3 nude mice one week after cancer cell line inoculation. The tumors have then 

reached their optimal volume for drug administration. 

 
d) Administration of the nanovectors and drugs  
 

The nanovectors or drugs were injected intravenously through the tail of the mices: once every 

3 days (injection at 10:00 am every day), 2 days a week with continuous administration during 

3 weeks. The body weight and tumor volume of nude mice were measured and recorded every 

3 days (Figure 3.4). The survival time of the tumor-bearing mice was recorded.  

 

 

 

Figure 3.4 after injection of the nanovectors and drugs in one group of nude mices 

 

e) Ultrason imaging preparation  

 

The tumor end point was detected by high-resolution ultrasound imaging. First the nude mice 

were immobilized and anesthetized with isoflurane. After the hindlimb reflex disappeared, they 

were placed in the lateral position on the 37 oC constant temperature physiological monitoring 

platform. The tumor site was exposed, and a small amount of coupling agents was applied to 

the limbs and then fixed to the metal. Ultrasound detection of the ventral subcutaneous tumor 
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was performed with the probe. 

 

f) Blood cells and biodistribution analysis 
 

After the animals were anesthetized with ketamine/xylazine, the tumor, the heart, liver, spleen, 

lung and kidney tissues of the nude mice were photographed and weighed. The cytokines were 

used to detect the serum inflammatory factors and the blood cell analyzer was used to determine 

the blood cell content. Finally, the biodistribution of nanovectors in various tissues was detected 

by ICP-MS. 

 

This work was carried out in collaboration with the Department of Life Sciences, University of 

Trieste with doctor Pasquale Sacco who has kindly provided CTL powder. Prof Xiaowu Li, the 

director of the department of hepato-biliary surgery (Shenzhen University, General Hospital & 

Guangdong Provincial Key Laboratory of Regional Immunity and Diseases & Carson Interna-

tional Cancer, China), has kindly collaborated with Université Sorbonne Paris Nord for in vivo 

experiments.  

 

3.2 Publication 

 CTL–doxorubicin (DOX)–gold complex nanoparticles 

(DOX–AuGCs): from synthesis to enhancement of thera-

peutic effect on liver cancer model  
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3.3 Conclusion  

This work reports the capability of DOX-AuGCs to target liver cancer in nude mice. As we 

demonstrated in the publication 1 of chapter 2, CTL can recognize the Gal-1. CTL targeted 

nanovector with doxorubicin could thus specifically target liver cancer and amplify in certain 

respects the antitumor efficiency of Doxorubicin. A novel synthetic protocol was adopted to 

acquire a hybrid nanovector in the presence of diacide polymer (PEG) and a polysaccharide 

(CTL). ICP-MS biodistribution experiments give us an insight on an important accumulation 

of nanovectors in tumor tissues. The anti-tumor efficiency of DOX-AuGCs compared to 5-FU 

was demonstrated not only in the regression of tumor size by ultrason imaging, but also in 

higher stimulation of immune system and in the reduction of the side effects of DOX. In the 

future the development of an innovative diagnostic and theragnostic platform should be estab-

lished for patients, allowing the detection of protein-associated tumors and the simultaneous 

cancer treatment with a multimodal agent that combine chemotherapy (drug-delivery associated 

to an increase payload release or enhanced spreading into the cancer cells). In addition, gold 

nanoparticles can easily generate heat by near-infrared light absorption close to their plasmon 

resonance. Thus, they have special advantages in the photothermal treatment of late-stage met-

astatic cancers. Further investigations are needed to understand the interaction mechanisms be-

tween the DOX-AuGCs and cancer cells to explore optimal treatment protocols for future clin-

ical applications. 
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Chapiter 4   

Study of the interaction of one protein (MnSOD) with 

its aptamer by scattering correlation spectroscopy  

In this chapter, we will focus on the interaction of one aptamer with its target protein. This 

interaction was studied by scattering correlation spectroscopy (SCS), under specific conditions 

on the aptamer length and on the MnSOD concentrations. For this purpose, we exploit a specific 

chemical strategy to graft the aptamers onto pegylated gold nanoparticles: the carbodiimide 

chemistry (EDC/NHS method). We also study the influence of the presence of a spacer of 15 

thymine bases at the aptamer’s extremity on the aptamer/MnSOD affinity. The interaction of 

the aptamer with MnSOD were characterized by SCS on a large range of MnSOD concentra-

tions (from 10-12 up to 10-5M). This study is in the continuity of previous works published in 

2018 (Influence of aptamer grafting on its conformation and its interaction with targeted pro-

tein) [1].In this latter publication, the interaction was studied by using UV-Visible spectros-

copy. Interestingly the results with SCS studies are highly correlated with the results presented 

in this publication.  

We observed that the interaction is strongly dependent on the aptamer structure when grafted 

at the surface of the gold nanoparticles. We demonstrate that the highest affinity is obtained for 

the aptamer with the spacer of 15 thymine bases. We assume that SCS is a powerful technique 

to deeply study the aptamer/analyte interaction. 

4.1 MnSOD 

Manganese superoxide dismutase (MnSOD or SOD2, figure 4.1) is one of the primary antiox-

idant enzymes, capable of maintaining intracellular reactive oxygen species (ROS) and redox 

balance for the cell equilibrium. The SOD2 enzyme is an important constituent in apoptotic 

signaling and oxidative stress, most notably as part of the mitochondrial death pathway and 

cardiac myocyte apoptosis signaling. Programmed cell death is a distinct genetic and biochem-

ical pathway essential to metazoans while protecting normal tissue against oxidative stress [2-

4]. An over-expression of MnSOD in cancerous cell lines increases the activity of MnSOD and 

of its levels in serum have also been correlated to severe chronic liver diseases and can lead to 

enhanced malignant transformation inducing the development of various cancers [ 5-11] 

 

 

 

 

 

 

Figure 4.1 The chemical structure of MnSOD protein  
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4.2 Aptamers  

Aptamers are single DNA strands that exhibit a higher affinity to proteins than antibodies. They 

have become increasingly important molecular tools for diagnostics and therapeutics since they 

can be synthesized with high reproducibility and purity from commercial sources, showing a 

high chemical stability [12]. In our studies we have specially designed two aptamers which can 

interact with MnSOD.  

Apt-wT : 5′HS-(C6)-TTTTTTTTTTTTTTT-TCT TCT CTA GCT GAA TAA CCG 

GAA GTA ACT CAT CGT TTC GAT GAG TTA CTT CCG GTT ATT CAG CTA 

GAG AAG 3′.  

Apt-w/oT  : 5′HS-(C6)- TCT TCT CTA GCT GAA TAA CCG GAA GTA ACT CAT 

CGT TTC GAT GAG TTA CTT CCG GTT ATT CAG CTA GAG AAG-3′.  

Both sequences are identical except the inclusion of a spacer of 15 thymines in the Apt-w/T. 

We assume that both aptamers should have the same conformation and the same affinity with 

the MnSOD. The 15 thymines spacer is only used to increase the distance of the active part of 

the aptamer from the gold surface and provide higher flexibility to the active part of the aptamer.  

4.2.1 The grafting aptamer method onto gold spherical nanoparti-

cles  

In previous studies, [1].  we have studied two different methods for the aptamer grafting as 

described in the following. 

a) Aptamer Graftings onto PEG-AuNPs by Carbodiimide Cross-Linker Chemistry 

 

Aptamers were immobilized on the surface of the activated nanoparticles through the for-

mation of amide links between the COOH groups decorating the surface of the PEG-AuNPs 

and the NH2 groups of the aptamers (EDC/NHS method, Figure 4.2). The aptamers were 

immobilized directly at the gold surface through the formation of a covalent bond between the 

NH2 group located in 5′ of the aptamer and the COOH group located at the AuNPs surface. The 

key role of carbodiimide chemistry procedure is that it involves no lengthy linker species, 

allowing the hydrodynamic radius of the NP to be minimized This strategy has already been 

demonstrated to couple enzymes to the NPs surface, with retention of up to 80% of enzymatic 

activity, depending on the enzyme. The aim is to show that carbodiimide chemistry plays a 

key role in the optimal chemical and steric arrangement of aptamer allowing a better interac-

tion with MnSOD protein. 
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Figure 4.2 Covalent conjugation of Carboxyl-functionalized GNS: reaction scheme 

EDC/sulfo-NHS activation at pH 5 results in an amine reactive sulfo-NHS ester, imme-

diately followed by binding of the sulfo-NHS ester to free amine on the target molecule 

(ligand). 

 

b) Aptamer Grafting onto PEG-AuNPs by S covalent bond 

 

Thiol-covalent binding (Figure 4.3) is a conventional grafting strategy, it consists in the im-

mobilization of the aptamers onto PEG-AuNPs by S covalent binding. 

                                         
 

 

                          Figure 4.3   Thiol-covalent binding onto PEG- AuNPs                

sh 
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4.2.2 Monitoring of the aptamer graftings by UV-visible 

absorption 
 

To verify the grafting of the aptamers at the surface of the AuNPs, we used the UV-visible 

absorption technique to observe the surface plasmon of the nanoparticle and monitor its po-

tential shift through the capture of the aptamer at the surface. Indeed, as the aptamers have a 

dielectric constant higher than the solution where the nanoparticles are diluted, the formation 

of an aptamer layer on the nanoparticles should induce a redshift of the plasmon resonance. 

The UV-visible spectra of PEG-AuNPs exhibit a surface plasmon band at 518 nm (Fig. 4.4, 

black line). After the Apt-w/T and Apt wo/T binding onto the PEG-AuNPs, the plasmon band is 

red shifted whatever the grafting methods used [13]. However, one can notice that the plasmon 

band modification depends on the grafting method and on the different types of APT (Apt-w/T 

or Apt wo/T ). For the carbodiimide method, the plasmon band is red shifted to 535 nm for Apt-

w/T with a broadening and to 525 nm for Apt wo/T with also a broadening but more limited 

than for Apt-w/T. For the thiol method, the redshift is similar (to 524 nm for Apt-w/T and Apt 

wo/T) without any broadening. The red shift can be explained by the modification of the dielec-

tric environment of the nanoparticles and thus confirms the successful functionalization of the 

AuNPs surface in all the cases. The broadening is due to aggregation between the gold nanopar-

ticles associated to the formation of classical Van der Waals inter-aptamer or aptamer/PEG inter-

actions [13]. The observation of different plasmon band modification suggests that each condi-

tion induces a specific chemical behavior of the APT from the Apt-w/T to Apt wo/T and from 

the carbodiimide method to the thiol grafting. First, the chemical method will influence the 

grafting position of the APT (Figure 4.5). With the thiol grafting, the aptamer is located di-

rectly at the gold surface and for the carbodiimide method, the aptamer will be located at the 

surface of the PEG layer. In the former case (thiol method), one can assume that the aptamer 

is embedded in the PEG layer and they are less accessible than the ones grafted by car-

bodiimide directly at the PEG layer surface. It will induce lower surface modification of the 

AuNPs and thus no AuNPs aggregation on the contrary of the carbodiimide method. Such ob-

servation is of first importance since the nature of capping layer onto AuNPs play a key role 

on the success of bioconjugation and comparative kinetic. The similar redshift for the thiol 

method means that the efficiency of the grafting is similar than for the carbodiimide method. 
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Fig. 4.4 UV-Vis absorption spectra of PEG- AuNPs before (black line) and after (red line) 

grafting of aptamer at the PEG- surface by (a, b) carbodiimide chemistry (EDC/NHS) (a 

Apt-w/oT ; b Apt-w/oT) and (c and d) thiol binding (c Apt-wT ; d Apt-w/oT) 
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Figure 4.5 Schematic representation of the aptamer grafting on theAuNPs(a) and of the 

interaction between AuNP under specific concentrations of proteins (b) (please note that 

drawings are not in scale and are not intended to be representative of the full samples 

composition)  

 

These results demonstrated that Carbodiimide Cross-Linker Chemistry method has a better 

grafting ability than by the S covalent bond methods. This is the reason why we have chosen 

carbodiimide cross-linker chemistry method as our grafting methods for SCS measurements. 

 

4.3 The scattering correlation spectroscopy 

The scattering correlation spectroscopy (SCS) is a technique widely used to analyze the tem-

poral fluctuations of different types of optical or spectroscopic signals such as fluorescence [14] 

(Fluorescence Correlation Spectroscopy FCS), luminescence or even scattering [15] (in the case 

of the Dynamic Light Scattering DLS or of the scattering Correlation Spectroscopy SCS). DLS 

is a well-known and widely used method to determine the hydrodynamic diameter of nanopar-

ticles. However, this technique does not make it possible to characterize nanoparticles at very 

low concentration. SCS is a method that has been recently used to characterize nanoparticles. 

Its principle is similar to that of the FCS technique [16]. The main idea of this technique is to 

analyze the temporal fluctuations of an optical signal emitted by molecules or individual parti-

cles diffusing light in a very low detection volume (in the order of femtoliter, fL) called the 

confocal volume. This effective volume is essentially given by the strong focusing of a laser 

generated by an immersion lens. 

If the particle concentration is low enough (nM-pM), the particles do not interact with each 

other, and the time between particle entry and exit respect the Poisson distribution, meaning 

that each particle passing through the confocal volume contributes significantly to the signal 

measured. This makes it possible to perform a statistical correlation analysis (see the paragraph 

below) in order to obtain the number and the diffusion time of the particles in the confocal 

volume. 

4.3.1 Theoretical aspect of scattering correlation spectroscopy 

SCS is an excellent technique based on the use of a confocal optical microscope to extract 

information within the limits of conventional optical resolution. This technique uses a statistical 

method which analyzes the scattering signal fluctuations. These fluctuations typically arise 

from Brownian motions of particles crossing the confocal volume. The size of these particles 

determines the average time they spend in the confocal volume. A very sensitive detector (usu-

ally avalanche photodiode, APD) records the photons scattered by the nanoparticles in the con-

focal volume (2r0 represents the diameter and 2Z0 represents the height of confocal volume on 

the figure 4.4). Relevant information on the nanoparticle dynamics such as diffusion time, par-

ticle size, particle number and concentration can be extracted using the correlation function. 

The latter converts the intensity fluctuation signal into a correlation curve, the general principle 

of which is shown in Figure 4.6 
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Figure 4.6 - General principle of correlation spectroscopy 

 

The intensity is recorded as a function of time (figure 4.5) and can be written as follows: 

                                              F(t) =< F(t) > +δF(t)                                                    (Equation 3.1)                  

where <F (t)> is the mean intensity over time and δF (t) is the fluctuation of the intensity with 

respect to the mean intensity at time t. The correlation function is a measure of the similarity of 

a signal F (t) with the signal F (t + τ) which is emitted by the particles after a very short time τ. 

In other words, the intensity recorded at time t is correlated with that recorded at time t + τ. If 

the signal strength has not changed significantly during this period (meaning there is no time 

lag), the correlation is high. Conversely, if the signal is completely different (meaning a large 

time lag), the correlation is weak. We can therefore assume that the correlation function is a 

"memory" function which measures the length of time during which a signal remains the same 

over a specific time interval. 

The correlation function G (τ) is defined as [12] 

𝑮(𝝉) =
< 	𝑭(𝒕). 𝑭(𝒕	 + 	𝝉) >

< 	𝑭(𝒕) >𝟐		 = 𝟏 +
< 	𝜹𝑭(𝒕). 𝜹𝑭(𝒕	 + 	𝝉) >		

< 	𝑭(𝒕) >𝟐	  

                                                                                                                               (Equation 3.2) 

Knowing that the signal strength, F (t), is proportional to physical parameters such as: 

- Quantum efficiency: q, 

- The effective excitation cross-section of the particles: σ, 
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- The effective excitation section of the particles: σABS, 

- The collection efficiency function: CEF (⃗r), for example the fraction of light emitted by a 

particle at point ⃗r and collected by the detector, 

- The excitation intensity at the position r : I (⃗r),  

- The concentration of particles at position ⃗r and at time t: C (⃗r,t) 

It is possible to inject these parameters into equation 3.2 [18, 19] and rewrite the correlation 

function (G (τ)) as follows: 

G (τ) = 1+
"
# 	 .

"
"$ !
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	.	
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Basically three important pieces of information can be extracted from the correlation function: 

The average number of particles in the detection volume, N, from the amplitude of the correla-

tion curve at time τ = 0s. knowing that G(0)=1+1/N (figure 4.7) 

The structure parameter, s, which describes the shape of the confocal volume. The size of the 

confocal volume (wxy (radial distance) and wz (axial distance)) was previously determined for 

our experimental set-up by performing reference measurements with a fluorescent molecule 

having a known diffusion constant (Rhodamine, Alexa). 

The average time required for a particle to cross the confocal volume (τD). τD allows to calcu-

late the particle diffusion coefficient (D) (figure 4.7) 

 
 

Figure 4.7 Correlation curve whose amplitude at G (0) is inversely proportional to the 

average number of particles present in the effective volume and the width at mid-height 

corresponds to the diffusion time, τD. 
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Figure 4.8 shows that a higher concentration and then a greater number of particles present 

within the confocal volume induce very low signal fluctuations and thus a reduction of the 

intensity of the correlation curve. The SCS is then quite sensitive at low concentrations. It 

should be noted that this technique allows detection up to picomolar in the case of gold nano-

particles [1]. 

                                     

Figure 4.8  Effect of concentration on fluctuations in signal strength and correlation 

curve [17]. 

The diffusion time is related to the diffusion coefficient (D) of a particle by the following 

equation: 

                                             τD =
!!"
#

"#
																																																															           

                                                                                                                                    	(Equation	3.4)                             

The value of the hydrodynamic radius (Rh) can then be deduced from D using the Stokes-Ein-

stein equation: 

                                               D = 
$%

&'()*				

														                                                      (Equation 3.5) 

 

Where η is the viscosity of the surrounding medium, T is the temperature and k is the Boltz-

mann constant. The diffusion time τD is inversely proportional to the diffusion coefficient D. 

The diffusion coefficient being inversely proportional to the size of the particle, the more the 

radius Rh increases, the more the diffusion time τD of the particle increases (Figure 4.7) 
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4.3.2 SCS setup  

The correlation spectroscopy experimental setup used is illustrated in Figure 4.8. The excita-

tion source comes from different continuous lasers of different wavelengths ranging from visi-

ble to near IR: a 488nm laser (Cobolt MLDTM lasers), a 532nm laser (Optoelectronics, United 

Kingdom), a 633nm laser (Thorlabs, France) and a tunable sapphire-titanium laser from 750 to 

950 nm (Coherent, USA). The system is based on an inverted microscope (Nikon, Japan) com-

bined with a water immersion objective (x60) with a numerical aperture of 1.2. The laser beam 

is widened (from 2 to 8 mm) via a telescope to completely cover the entrance pupil of the lens 

to reach the limit of optical resolution. A dichroic mirror (in the case of FCS) or a 50/50 splitter 

cube (in the case of SCS) is used in order to reflect the excitation beam directly into the micro-

scope objective which allows it to be focused in the analysed solution. The light emitted (or 

scattered) by the molecules (or particles) present in the solution is collected by the same objec-

tive, transmitted through the dichroic mirror or the splitter cube and focused on a confocal hole 

of size ranging from 30 to 50 µm (depending on the laser used) and placed in the image plane 

of the objective to reject light emitted outside the focal plane. Subsequently, the signal is rec-

orded by two avalanche photodiodes. The detectors are connected to a multichannel correlator 

(ALV-Laser GmbH, Langen, Germany) which is connected to a computer for data analysis via 

LabView software (National Instruments, USA). 

 

Figure 4.9 Setup of the correlation spectroscopy used in the experiences  

 

 

Sample 
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4.4 Study of the interaction of MnSOD with its aptamer by 

SCS  

The objective of this study is to understand the mechanism of interaction between a protein of 

interest and its aptamers designed to specifically capture the protein. The aptamers were grafted 

at the surface of gold nanoparticles using the carbodiimide method described previoulsy (sec-

tion 4.2.1.a) and the study was performed for different concentrations of proteins. MnSOD was 

chosen as a model molecule as we already have a large experience on this protein in terms of 

detection and identification. 

4.4.1 Materials and methods 

Gold spherical nanoparticles PEG 50nm (GNS-PEG 50), dicarboxylic, N-hydroxysuccinimide

 (NHS),1-(3-dimethylaminopropyl)-N′-ethylcarbodiimidehydrochloride (EDC) and phosphate-

buffered solution (PBS) were all provided by Sigma Aldrich at maximum purity grade. Human 

manganese superoxide dismutase (MnSOD) was provided by Euromedex and MnSOD ap-

tamers were purchased from Eurogentec. 

 
a) MnSOD Aptamers 

Two types of aptamers for MnSOD were used both purchased from Eurogentec. The aptamers 

were dispersed in PBS buffer (pH = 9). 

 

The sequence of the first aptamer (APT-w/T) is: 

5′HS-(C6)-TTTTTTTTTTTTTTT-TCT TCT CTA GCT GAATAA CCG GAA GTA ACT CAT 

CGT TTC GAT GAG TTA CTT CCG GTT ATT CAG CTA GAG AAG 3′. 

 

The sequence of the second aptamer (APT-wo/T) is:  

5′HS-(C6)- TCT TCT CTA GCT GAA TAA CCG GAA GTA ACT CAT CGT TTC GAT GAG 

TTA CTT CCG GTT ATT CAG CTA GAG AAG-3′. 

Both sequences are identical except the inclusion of a spacer of 15 thymines in the APT-w/T. We 

assume that both aptamers should have the same conformation and the same affinity with the 

MnSOD. The 15 thymines spacer is only used to increase the distance of the active part of the 

aptamer from the gold surface and provide higher flexibility to the active part of the aptamer.  

 

b) MnSOD Protein 

The MnSOD protein solution was prepared from a MnSOD (LF-P0013, Superoxide Dis-

mutase 2, Human, Euromedex) lyophilized powder in a buf-iron (50 mM Tris-Acetate, 100 

mM NaCl2, 5 mM MgCl2, (Sigma-Aldrich) in Mili-Q water at pH = 8.2). Once the MnSOD so-

lution is ready, we prepare several solutions of different concentrations which are ranging from 

1 pM to 1μM. A solution of 450 μL of functionalized gold nanoparticles with the aptamers was 

added in 1.5-ml eppendorf tubes, to which 50 μL of MnSOD of different concentrations are 

added in it. 

c) Bioconjugation of 50nm PEG-GNS with Aptamers 

The aptamer grafting onto 50nm PEG-GNS was performed by Carbodiimide Cross-

Linker Chemistry. The grafting strategy consists in the immobilization of the APTw/T or 

APTwo/T at the PEG-AuNPs surface by carbodiimide bonds. Briefly, 50 μl of EDC/NHS (40/10 
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w/w ratio) aqueous solution was added into 5 ml PEG-GNS dispersion (42 nM). After 2 h, 50 μl of 

aptamer solution (10 μM in PBS pH 9) were added in 2 ml of the reaction mixture and stirred for 2 

h at room temperature. Such concentrations correspond to an average of 2.6 aptamers per AuNPs. 

The APT-PEG-GNS  thus obtained were centrifuged two times at 9000 rpm for 30 min to remove 

excess of non-conjugated APT and dried under nitrogen. 

 

4.4.2 Characterization of raw 50nm PEG-GNS by SCS 

SCS was used to characterize the hydrodynamic radius of the primary gold nanoparticles. Fig-

ure 4.9 shows the correlation curve measured for the commercial 50nm PEG-GNS (the acqui-

sition time was set at 300 seconds). This measurement gave us a radius Rh=25.36 nm (diameter 

of 50.72nm) and a diffusion time tD=6.25ms. This measurement is in good agreement with the 

expected one of 50 nm for the commercial PEG-GNS.  

 

Figure 5.0 Correlation curve measured for the commercial 50nm PEG-GNS 
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4.4.3 Characterization of Apt-w/T-PEG-GNS and Apt-w/oT-PEG-

GNS by SCS 

 

We analyzed the variation in the hydrodynamic radius of gold nanoparticles after the grafting 

of both aptamers. The cross-correlation curves were recorded for GNS solution and were nor-

malized to 1 (Figure 5.1) to facilitate comparison of the diffusion time under the two conditions. 

 

           

 Figure 5.1 Correlation curves measured for the Apt-w/T-PEG-GNS and Apt-w/oT-PEG-

GNS  

 

The diffusion time (τD) was determined for each nanoparticle by fitting the curve with the equa-

tion (3.3), and then the Rh of the nanoparticles was calculated for each case using the equations 

(3.4) and (3.5). The results obtained are summarized in Table 4.1 below. 

 Aptamer tD(ms) Rh by SCS 

(+0.2nm) 

GNS 
without 6.52 25.36 

GNS APTw/T 7.91 30.77 

GNS APTwo/T 8.23 32.01 

Table 4.1 mesurements of APT-GNS by SCS  
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Without aptamer, the raw GNS show a Rh of 25.36 ± 0.2 nm. After the grafting of the aptamers 

with EDC/NHS method, the Rh increases at 30.77± 0.2 nm for APTw/T and at 32.01± 0.2 nm 

for APTwo/T, which confirms the grafting of the aptamers on the surface of the GNS. This 

matches perfectly with the UV-visible measurements from the previous publication[1]. From 

the Rh measured at each stage of the aptamer grafting onto the nanoparticles, the difference in 

Rh (∆Rh) was determined for each aptamer. In the case of GNS incubated with aptamer with 

15T (APTw/T), ∆Rh is approximately 5.4 ± 0.2 nm, which corresponds to the thickness of the 

aptamer monolayer. In the case of GNS incubated at the same concentration of aptamer without 

15T (APTwo/T), a ∆Rh of 6.6 ± 0.2 nm. We can see that aptamer without 15T induces a greater 

∆Rh than aptamer with 15T. This can be explained by the fact that the 15T spacer provides a 

better flexibility to the aptamer on the surface of the GNS. In this case, the aptamer can be 

closer to the gold surface and as a consequence forms a layer with lower thickness. Figure 5.1 

shows the flexibility of the 15T.  

 

 

Aptamer with 15T 

spacer 

  

aptamers 

 

GNS 50nm PEG 

 

                  Figure 5.2 scheme of monolayer of Apt and GNS 
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From the figure 5.2 we can clearly see that the 15 T of aptamer gives a larger flexibility to 

aptamer and the Rh of GNS 15 T is less important than the Rh of GNS with APTwo/T. 

 

4.4.4 Interaction with the MnSOD 

By using SCS, we analyzed the variation in the hydrodynamic radius of gold nanoparticles by 

adding the different concentrations of MnSOD from 1pM to 1µM. Each concentration has been 

probed by SCS for one hour. In figure 5.2, it shows before and after the adding of 1µM MnSOD. 

The results obtained are summarized in Table 4.2 below. 

 

   

 Figure 5.3 Correlation curve measured for the Apt-w/T-PEG-GNS PEG-and Apt-w/oT-

PEG-GNS in interaction with 1µM of MnSOD 

 

 Aptamer MnSOD(µM) tD(ms) 
Rh by SCS 

(+0.2nm) 

GNS APTw/T 0 7.91 30.77 

GNS APTwo/T 0 8.23 32.01 

GNS APTw/T 1 10.29 50.95 

GNS APTwo/T 1 18.23 70.95 

Table 2 the mesurements of APT-GNS with MnSOD(1µM) by SCS  
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After adding 3µM of MnSOD in the GNS Aptamer solution, we could see a significant increase 

of Rh. It shows that MnSOD interacts with the aptamers, but GNS with APTw/T has smaller 

Rh compared with GNS with APTwo/T. This may be due to the conformation of the APTw/T 

which induces a better interaction between aptamer and MnSOD. This latter one will then sat-

urate the aptamer layer and avoid any interaction between the nanoparticles and as a conse-

quence avoid their aggregation. On the contrary the lower flexibility of APTwo/T would induce 
a lower interaction between aptamer and MnSOD resulting in an aggregation of the GNS and 

as a consequence an artificially higher Rh.  

The following tables give the variation of Rh depending on the concentration of MnSOD from 

10pM up to 3µM for both aptamers. 

Table 3 the mesurments of APT-w/T-GNS with MnSOD(3µM to 10pM) by SCS  

  

MnSOD 

 

tD(ms) 

Rh by SCS 

(+0.2nm) 

GNS  10pM  7.89  30.71  

GNS  100pM 11.69 45.5 

GNS  1nM 11.73 45.62  

GNS  10nM 11.64   45.27 

GNS  20nM 11.59 45.07 

GNS  30nM 11.56 44.96 

GNS  40nM  10.37  41.27 

GNS  50nM 10.03  39.02 

GNS  100nM 8.69 33.80 

GNS  200nM  8.38  32.59 

GNS  300nM  8.97 34.89  

GNS  400nM  9.09 35.36  

GNS  500nM  9.32 36.25 

GNS  600nM  10.26 39.9 

GNS  700nM  10.29 40.03 

GNS  800nM  10.88  42.32 
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GNS  900nM  11.02 42.90  

GNS  1µM 13.06 50.95 

GNS 2 µM 13.54 52.67 

GNS 3 µM 11.80 45.89 

 

 

Table 4 the mesurments of APT-wo/T-GNS with MnSOD(3µM to 10pM) by SCS  

  

MnSOD 

 

tD(ms) 

Rh by SCS 

(+0.2nm) 

GNS  10pM  7.71  30.01 

GNS  100pM 11.11 43.23 

GNS  1nM 10.54 41.26 

GNS  10nM 11.29  43.91  

GNS  20nM 9.31 36.25 

GNS  30nM 9.29 36.14 

GNS  40nM 10.51 40.89 

GNS  50nM 9.25 35.98 

GNS  100nM 9.29 36.14 

GNS  200nM  8.78  34.15  

GNS  300nM  8.01 31.16  

GNS  400nM  7.71 30.01 

GNS  500nM  8.77 34.15 

GNS  600nM  10.38  40.37 

GNS  700nM  9.73 37.86 

GNS  800nM  10.57 41.13 

GNS  900nM  16.71 65 
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GNS  1µM 18.23 70.95 

GNS 2µM 19.88 77.32 

GNS 3µM 13.01 50.62 

 

From the tables 3 and 4, we could figure out the DRh of GNS for the different concentrations of 

MnSOD. For both aptamers, we could see a clear increase of Rh on the 10nM range to 100nM 

range, (figure 5.4). This is due to the occupancy of the aptamer layer by the MnSOD that induces 

a lower interaction between the NP through the DNA strands. For higher concentrations, one 

can observe a continuous decrease of the Rh that corresponds to 200nM to 500nM. This is due 

to the optmal occupancy of the aptamer layer by the MnSOD that induces a lower interaction 

between the NP through the DNA strands and reduce the aggregation. For concentrations 

higher than 500nM, a increase of the Rh is observed indicating a new interaction between the 

nanoparticles. With the saturation of the surface of the AuNP, we can suppose that it could in-

duce a reorientation of the MnSOD or a change of its conformation due to chemical hindrance and 

also due to aptamer conformation changes. These results are in agreement with the previous 

work made with UV-visible experiments (Figure 5.5). In these experiments, the MnSOD inter-

action was monitored through the evolution of the plasmon resonance of the nanoparticles de-

pending on the MnSOD concentration.  

 

 

 

  

 

 

 

 

 

   

Firgue 5.4 evolution of the DRH of Apt-w/T-PEG-GNS and Apt-w/oT-PEG-GNS for dif-

ferent concentrations of MnSOD 
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Figure. 5.5 a–d Extinction spectra of Apt-w/T-PEG-GNS and e–h Apt-wo/T-PEG-GNS by 

carbodiimide chemistry before and after conjugation to MnSOD at different concentra-

tions 
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To compare the SCS results with UV-Visible results, in last publication [1]. we have fitted all 

the plasmon bands of UV-visible by two lorentzian peaks to describe the evolution of the plas-

mon resonance during the interaction process, corresponding to two kinds of nano-objects: in-

dividual AuNP (peak called P1 in red and green lines on figure 5.6) and aggregated AuNP (peak 

called P2 in black and blue lines on figure 5.6). Thus, the observation of each one will give 

some information on the evolution of these two kinds of objects with the concentration and 

more especially on the dissociation and aggregation of the AuNP depending on the MnSOD 

concentrations. Indeed, the intensity of P2 tells us about the amount of aggregated AuNP 

whereas its width gives information on the number of AuNP in the agglomerates. (Fig.5.6). The 

P1 and P2 curves can be essentially splitted in three intervals: from 0 to 10−9 M, from 10−8 to 4 

× 10−7 M and from 10−6 to 10−5 M. In the first and third concentration ranges, the curves are nearly 

constant with few variations whereas in the second range, strong variations can be observed. 

These results are correlated with SCS measurements show that SCS is a perfect technique to 

study the interaction of aptamer and MnSOD in a much more precise way.                                                                                     

 

 

Figure 5.6 a) Evolution of the intensity and width of plasmon bands b) evolution of the 

DRH of APT-GNS for different concentrations of MnSOD 
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4.5 Monitoring of the aptamer/protein interaction by Real 

time surface enhanced Raman scattering 

Aptamer is a macromolecule made of a long chain of nucleosides; it is flexible [18]. and could 

present different structural configurations when it is alone or when it is in interaction. To probe 

this complexity, one should screen the different configurations experienced by the aptamer un-

der specific conditions and determine their effects on the aptamer structure. 

 

To provide a clear and relevant insight, we propose the real time approaches of a SERS surface 

covered by aptamers  

 

The methodology was applied to one aptamer specific to the Manganese Superoxide Dismutase 

(MnSOD). We were able to observe different structures and orientations of the aptamer in re-

lation to the SERS surface depending on its interaction with the MnSOD. 

 

This work has been done in collaboration with Dr Aymeric Leray and Pr Eric Finot from the  

Laboratoire Interdisciplinaire Carnot de Bourgogne (UMR 6303 CNRS, Université de Bour-

gogne Dijon, France) 

 

4.5.1 Methods 
 

a) Chemicals 
The aptamer for MnSOD was purchased from Eurogentec and dispersed in a PBS buffer (pH = 

7.4). Manganese Superoxyde Dismutase (MnSOD), was purchased by Ab FRONTIER (LF-

P0013, Super oxyde Dismutase 2, Humain, Euromedex). 

 

b) Aptamers 
One sequence of aptamer has been used. This is the one including the spacer of 15 thymines 

(Apt/wT). 

 

c) Gold spherical nanoparticles synthesis  

Colloids of COOH-terminated PEG-coated AuNPs (PEG-AuNPs) were prepared by a well as-

sessed chemical reduction process by reducing tetrachlororoauric acid (HAuCl4) in the pres-

ence of PEG-diacid using sodium borohydride (NaBH4) as a reducing agent. The color of the 

dispersion indeed instantly changed from yellow to red when sodium borohydride was added 

to a solution of gold precursor in the presence of PEG-diacid, confirming the formation of PEG-

AuNPs in the solution  

d) Deposition of AuNPs covered by aptamer and MnSOD 

We have deposited few drops of AuNPs- Apt on a surface of a Glass slide well cleaned. After 

one hour we have added different concentrations of MnSOD (10nM and 500nM) on the dry 

area of AuNPs -Apt.  faire une phrase  

 

e) Real time SERS measurements  
Dynamic SERS measurements are conducted using a home-made confocal Raman setup. The 

substrate is illuminated by the laser (784 nm) through a water immersion objective (60x, 

NA=1.20). The Raman scattering is recorded simultaneously on an avalanche photodiode and 

a spectrometer associated with a cooled CCD camera cadenced at 1 second acquisition time. 
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4.5.2 Results 
 

SERS gave us some interesting results. From figure 5.7 a) we could observe large fluctuations 

of the SERS signal from the aptamer alone, with strong modifications of the band positions and 

intensities during time. Such fluctuations could be due to the fact that the aptamer is highly 

flexible and that its conformation is continuously modified. 

After the deposition of 10nM of MnSOD (figure 5.7 b), less fluctuations of the SERS signal 

can be observed. At the end point with 500nM of MnSOD (figure 5.7 c), we could observe 

nearly no fluctuations. This indicates that the structure of the aptamer stay constant with time 

and no modification of the conformation occurs when the aptamer is interacting with the 

MnSOD. 

Thus, during the interaction between the aptamer and the MnSOD, the aptamer flexibility is 

highly reduced and the MnSOD interaction freezes the aptamer conformation. The aptamer is 

then a highly flexible molecule that can experience various conformations to recognise the 

MnSOD but the aptamer conformation is blocked in a specific one to capture the MnSOD.  

 

                                                                                                                         a) 

 

                                                                                                                    b) 
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c) 

 

 

Figure 5.7 SERS signal evolution with time. The colors indicate the SERS intensity from 

the black (lowest intensity) to the yellow (highest intensity) colors. a) Apt w/T alone; b) 

Apt w/T with 10nM of MnSOD; C) Apt w/T with 1000 nM of MnSOD. 

 

4.6 Conclusion  

In this work, we have used UV-visible, SCS and SERS to provide a new way to understand the 

interaction of aptamer with the MnSOD. It’s the first time we have associated the 3 methods 

for a deep study between aptamer and proteins. First the SCS allows us to investigate the protein 

binding in situ by determining the hydrodynamic radius in the case of nanospheres 50nm PEG 

by EDC/NHS grafting with aptamers. Different values of GNS aptamer and MnSOD thickness 

were measured, reflecting a specific interaction of the MnSOD on the GNS surface. Moreover, 

our results were highly correlated with the results of UV-visible experiments.  

In the SCS analysis, the GNS Rh is dependent not only on the GNS size but also on the aptamer 

sequence which affects its flexibility. We found that Apt-w/T has more flexibility than Apt-

wo/T. We have shown that by UV-visible the binding affinity for Apt-w/T was stronger than 

for Apt-wo/T, indicating that the MnSOD interacts much more strongly with Apt-w/T than Apt-

w/T. This can be explained by a higher surface of interaction. As Apt-GNS could be injected 

into the blood for therapeutic applications (often as nanovector for targeted delivery), it is of 

major importance to study their interaction with proteins. This study is a primordial step to 

study the actual interaction between aptamer and MnSOD by SCS. To better understand the 

detection mechanism in biologic environments and in the future, we shall investigate more the 

interaction of other relevant proteins with aptamer nanovectors. 

Furthermore, the SERS experiences give evidence of the dynamic of the aptamer/protein inter-

action. By monitoring temporally, the interaction, we think that it will be possible to observe 

its influence on the aptamer conformation. 
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Conclusions and perspectives 

This work consisted first in the synthesis of a hybrid gold nanoparticle for biomolecule detec-

tion using a one-step approach. This approach allows for the use of few reagents and steps, and 

therefore allows a simple and inexpensive synthesis. Thus, an important part of this thesis was 

devoted to the development of this synthetic strategy, which consists of the complexation be-

tween the auric ions and the Chitlac for fast detection of Galectin-1. This latter one is considered 

as a cancer biomaker in human body. In a second step, as Galectin-1 has a special glycan site, 

we have done a complexation of the auric ions with this protein and demonstrated its efficiency 

for the Glucose detection. This could be a new method for fast diabet detection in the future.  

In the framework of the development of the third generation of nanovectors, we need to design 

a complex system which will not only provide an analyte detection, but will also allow the 

cancer therapy. To reach such objectives, we combine in a single nanovector CTL and Doxo-

rubicin for both targeting and treatment functions, respectively. This new strategy has been 

exploited as part of a systematic study with other molecules such as docetaxel, paclitaxel and 

bisphosphonates. This new method of synthesis (DOX IN-CTL) was compared to another clas-

sic drug 5-Fu. The results show on the one hand a better immunity system protection, but also 

a better therapeutic efficiency on cancer cells. In addition, the first in vivo tests were carried out 

on nude mice, in order to study the biodistribution of this nanovector. The results showed that 

the mice accepted the nanovector well and no excess mortality was observed. These mice were 

then sacrificed in order to get the organs (liver, spleen, kidneys, lungs, heart). A part of these 

organs was treated for histological study and another part was used to quantify the level of gold 

present in mice by ICP MS.   

The last work concerns the characterization by SCS of the interaction between the protein 

MnSOD and its specific aptamer grafted on the surface of gold nanoparticles. We first quanti-

tatively analyzed the adsorption of aptamer on the nanoparticles. This study showed an increase 

in the size of nanoparticles with the formation of an aptamer layer. In addition, we demonstrated 

that the aptamer sequence (inclusion of a spacer) influences its interaction with the MnSOD. 

We gave evidence that the spacer has a strong influence on the affinity between the MnSOD and 

the aptamer. We demonstrated that the highest affinity is obtained for the aptamer with the a spac-

erof 15 Thymines. This study opens the way to a better understanding of the interaction mech-

anism (chemical structure modifications, kinetic interaction…) and to the sensing optimization 

since the detection sensitivity is directly related to the affinity of the bioreceptor to the analyte. It 

also gives evidence on the dynamic of the aptamer/protein interaction that go largely beyond 

the simple key/lock model and how the aptamer should be flexible to capture efficiently the 

protein.  

During this thesis, numerous synthesis was developed and gave numerous results thanks to a 

multitude of characterization techniques. Especially in vivo study reports the ability of DOX-

AuGCs to target liver cancer and to amplify in certain respects the antitumor efficiency of 5-

FU.  More specifically an original synthetic protocol was adopted to obtain a hybrid nanovector 

in which the steric conformation of the drugs onto gold nanoparticles was modulated in the 

presence of diacide polymer (PEG) and a polysaccharide (CTL) in which the drug position can 

solve the main issues of drug-conjugated AuNPs. The higher antitumor efficiency of DOX-

AuGCs compared to 5-FU is shown not only in the suppression of tumor growth but also in 

higher stimulation of immune system. Therefore, the results in this work confirmed that the 

molecular design plays a key role to modulate in vivo properties and functionalities of nanocar-

riers and improves their performances and safety in tumor therapeutics. Overall, these results 
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pave the way for the development of an innovative theranostic platform, allowing for the de-

tection of protein-associated tumors and for the simultaneous cancer treatment with a multi-

modal agent that combines chemotherapy (drug-delivery associated to an increase payload re-

lease or enhanced spreading into the cancer cells). In addition, it would be interesting to study 

the phototherapy treatment in vivo for the next step.  
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Appendices 
 

UV-visible spectroscopy 

UV-visible spectroscopy is an instrument largely used in the most laboratories. It is not only 

carrying out quantitative and qualitative analyzes, but also follows the kinetics reaction. It is an 

instrument that is based on the phenomenon of absorption of electromagnetic radiations by a 

material. Indeed, when a molecule interacts with light, there will be an electronic transition 

between the different energy levels of the material. In this case, the electromagnetic radiations 

take place in the range from the near ultraviolet to the near infrared, between 180 and 1100 nm. 

When this absorption corresponds to the visible range, the substance is colored. This instrument 

therefore consists of sending monochromatic radiations through a solution (solid, liquid, gas) 

and of measuring the luminous flux transmitted as a function of the incident flux. It measures 

the intensity of light after passing through a sample (I), and compares it to the intensity of light 

before it passes through a reference sample (I0The ratio is called the transmittance, and is usu-

ally expressed as a percentage (%T). The absorbance A is based on the transmittance. 

 

Transmission electron microscopy (TEM)  

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of elec-

trons is transmitted through a specimen to form an image. The specimen is most often an ul-

trathin section less than 100 nm thick or a suspension on a grid. An image is formed from the 

interaction of the electrons with the sample as the beam is transmitted through the specimen. 

The image is then magnified and focused onto an imaging device, such as a fluorescent screen, 

a layer of photographic film, or a sensor such as a scintillator attached to a charge-coupled 

device. Transmission electron microscopes are capable of imaging at a significantly higher res-

olution than light microscopes, owing to the smaller de Broglie wavelength of electrons. This 

enables the instrument to capture fine detail—even as small as a single column of atoms, which 

is thousands of times smaller than a resolvable object seen in a light microscope. Transmission 

electron microscopy is a major analytical method in the physical, chemical and biological sci-

ences. TEMs find application in cancer research, virology, and materials science as well as 

pollution, nanotechnology and semiconductor research, but also in other fields such as paleon-

tology and palynology. TEM instruments boast an enormous array of operating modes includ-

ing conventional imaging, scanning TEM imaging (STEM), diffraction, spectroscopy, and 

combinations of these.  

Dynamic light scattering (DLS) 

DLS is a spectroscopic for measuring the hydrodynamic diameter of particles of submicron 

size. This technique is based on the fact that the particles in suspension are subjected to Brown-

ian motions. Thus, large particles will tend to move slowly while smaller particles will move 

faster. When the particles are excited by a laser, they will start scattering light in a random 

fashion, the scattered light is recorded and detected at a certain angle. The presence of Brownian 

motion causes a fluctuation in the intensity of the scattered light which will be recorded, then 

with the help of a correlator, these fluctuations will be processed in order to obtain an autocor-

relation function. This autocorrelation function will make it possible to obtain the coefficient 

of diffusion which itself is linked to the hydrodynamic radius thanks to the Stokes-Einstein 

relationship (See chapter 3). The hydrodynamic radius obtained for the case of spherical 
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particles, for example, corresponds to the radius of the sphere surrounded by its double solva-

tion layer, which is different from the “geometric” radius measured by microscopy. 

Inductively coupled plasma mass spectrometry (ICP-MS) 

Inductively coupled plasma mass spectrometry is a type of mass spectrometry that uses an in-

ductively coupled plasma to ionize the sample. It atomizes the sample and creates atomic and 

small polyatomic ions, which are then detected. It is known and used for its ability to detect 

metals and several non-metals in liquid samples at very low concentrations. It can detect dif-

ferent isotopes of the same element, which makes it a versatile tool in isotopic labeling. Com-

pared to atomic absorption spectroscopy, ICP-MS has greater speed, precision, and sensitivity. 

However, compared with other types of mass spectrometry, such as thermal ionization mass 

spectrometry (TIMS) and glow discharge mass spectrometry (GD-MS), ICP-MS introduces 

many interfering species: argon from the plasma, component gases of air that leak through the 

cone orifices, and contamination from glassware and the cones. In vivo studies, the ICP-MS 

could very efficiently detection the biodistribution of nanovectors in different organs. This 

could led us have a clear understand of the toxicity and accumulation of nanoparticles in the 

animals model. 

High-resolution small animal ultrasound imaging 

Ultrasound are sound waves with frequencies which are higher than those audible to humans 

(>20,000 Hz). Ultrasonic images, also known as sonograms, are made by sending pulses of 

ultrasound into tissue using a probe. The ultrasound pulses echo off tissues with different re-

flection properties and are recorded and displayed as an image.  

Many different types of images can be formed. The most common is a B-mode image (Bright-

ness), which displays the acoustic impedance of a two-dimensional cross-section of tissue. 

Other types can display blood flow, motion of tissue over time, the location of blood, the pres-

ence of specific molecules, the stiffness of tissue, or the anatomy of a three-dimensional region.  

Compared to other dominant methods of medical imaging, ultrasound has several advantages. 

It provides images in real-time and is portable and can be brought to the bedside. It is substan-

tially lower in cost than other imaging modalities and does not use harmful ionizing radiation. 

Drawbacks include various limits on its field of view, such as the need for patient cooperation, 

dependence on physique, difficulty imaging structures behind and air or gases, and the necessity 

of a skilled operator, usually a trained professional.  

Plex TM multiplex bead-based assay 

The Cytokine Human Plex TM multiplex bead-based assay platform is specifically designed 

for quantifying human cytokines, chemokines and growth factors in serum, plasma, and tissue 

culture supernatant. By measuring 35 analytes simultaneously, the assay panel helps provide 

more data from each sample, saving both money and time compared to more traditional systems 

(such as ELISA) used in research. The panel employs magnetic beads, facilitating automation, 
decreasing hands-on time, and increasing throughput and precision.  

 

1) Superior performance—accurate, reproducible, and sensitive quantitation of multiple pro-

teins 

 

2) High quality—fully qualified antibodies permit excellent specificity and sensitivity 
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3) Fast and easy protocols—perform your multiplex assay and analyze your data typically in 

less than one day  

 


